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ABSTRACT
This dissertation presents work that expands the understanding of the effect
additives have on the structure and dynamics of a polymer matrix. Polymer additives are
molecules, nanoparticles or fibers that are added to a polymer to modify the properties of
the host polymer. Due to the vast amount of additives available, our studies were limited
to C60 (C60), soft polystyrene nanoparticles, and poly(ethylene oxide).
The first part of this project examined the influence that C60 nanoparticles have on
the assembly of polyacrylonitrile using small angle and wide-angle x-ray scattering
techniques and viscometry. The addition of C60 (C60) to polyacrylonitrile has little effect
to the chain dimensions while in solution but shift the crystalline morphology from
hexagonal packing to an orthorhombic space group. Additionally, the C60 (C60)
nanoparticle decreases the amount of crystallinity measured in the polymer
nanocomposites. This project provides insight into the use of non-covalent interactions
between a polymer and nanoparticle to produce a well-dispersed nanocomposite.
The next part of the project focuses on polystyrene center of mass diffusion in the
presence of soft polystyrene nanoparticles. The addition of the soft nanoparticles slowed
the matrix polymer diffusion when the nanoparticles were larger or the same size as the
matrix polymer chains. Although when the nanoparticles were 3 times smaller than the
matrix polymer chains the nanoparticles increased the diffusion of the host polymer chains.
Additionally, it was shown that the nanoparticles are not stationary, rather that the diffusion
of the nanoparticles is best described by the slow mode theory of diffusion.
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Finally, poly(ethylene oxide) was studied as an additive to lignin solutions, which
mimic the beginning production stages of lignin-based carbon fibers. The study focuses
on the influence that poly(ethylene oxide) has on the self-assembly of lignin while in
solution. The cylindrical structure of the lignin molecules is isotopically extended along
the length of the cylinder with the addition of poly(ethylene oxide) to varying magnitudes
depending on the source of the lignin. This work gives insight into the best starting
conditions for lignin-based carbon fiber that can maximize the properties of the final
product.
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CHAPTER 1:
INTRODUCTION
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This chapter introduces the concept of additives that can be combined with a
polymer matrix to modify its ultimate material properties. It includes historical and
background information describing the types of additives and the properties that can be
modified, as well as examples of current areas of interest in additive research. In addition,
the three systems with polymer additives that were studied in this dissertation are discussed
in detail.

Polymer Additives
Blending polymers with low molecular weight additives or other polymers has long
been important to the polymer industry. For more than a century, it has been realized that
the properties of available polymers can be tuned toward targeted values with the addition
of certain molecules or other polymers. Polymers that are found in nature, such as pectin,
shellac, and starch, have been around for millennia. However, the structural properties of
these naturally occurring polymers are usually limited due to their brittleness, low modulus,
or their inability to mix well with other components. Resins from trees sap, such as amber
and latex are another source of natural polymers but by far the most common tree resin
with material importance is from the rubber tree. Yet, in its natural form, natural rubber is
a tacky viscous liquid in hot weather and a brittle solid in cold weather. In order to
transform the rubber tree resin into the valuable and useful product that we know today, its
structural properties require modification by combining it with an additive. This
modification occurs with the addition of elemental sulfur and heat, a process that was later
termed vulcanization. This process promotes crosslinking of the cis-1, 4 polyisoprene
polymer chains in the rubber with the added sulfur, thus making it more durable.1
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Materials that are added to polymers to modify its properties to meet industrial or
commercial specifications are called additives. The International Union of Pure and
Applied Chemistry (IUPAC) defines an additive as any substance added to a polymer,
characteristically a minor component in the mixture usually less than 2 %.2,3 The additives
can be organic or inorganic depending on the targeted properties of the final polymeric
materials.4 Such a broad definition means numerous chemicals are considered additives
and many are commercially available providing a large assortment of property
modifications. The properties that are primarily modified by the presence of additives are
mechanical, surface, chemical, aesthetic, or flow behavior.2,4,5
Mechanical Additives
Mechanical modifiers are used to increase either the impact strength by increasing
the flexibility or increase the stiffness by promoting crystallinity in the polymer matrix.4
Polymer toughness describes the ability of a polymer to withstand a sudden force or stress
and dissipate the applied energy quickly. A material that cannot quickly dissipate the
energy from a sudden impact is termed brittle, and will fail.6 At the nanoscale, this behavior
is a result of the fact that the chemical bonds must respond to an applied stress during an
impact. If the bonds cannot dissipate the applied stress, the chemical bonds will break. This
results in the formation of submicron cracks or crazes. These small cracks and crazes grow
into larger cracks and crazes with additional increase in the applied stress, which may
propagate to failure.7 In a brittle fracture or failure, the growth of the crazes into cracks
occurs because the motion of the polymer chain is limited unable to absorb the applied
stress.7 A way to increase the toughness and reduce the brittleness of a polymeric material
3

is to add a flexible polymer that can undergo segmental motion to absorb the applied stress,
known as an impact-modifying additive. For example, the impact strength of polystyrene
is greatly improved with the addition of polybutadiene particles where the flexible
polybutadiene chains can absorb the applied stress and reduce crack propagation.8 Another
example of a material that benefits from a mechanical additive is stretchable electronic
devices based on organic semiconductors. These materials could have applications in the
medical and energy fields, however, most polymers that are integral to organic electronics
are rigid and do not stretch well. This limitation was recently overcome with the addition
of Zonyl®, a fluorosurfactant, to the important conjugated polymer blend poly(3,4ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) increasing the polymer
flexibility while maintaining its electronic transport properties.9
In some applications, on the other hand, polymeric materials may be too flexible
and would benefit from stiffening. In this case, a nucleating agent can be added to the
polymer that will induce crystal growth. The increase in molecular order is held together
with strong intermolecular forces making the bulk polymeric material stronger. Common
nucleating agents for polymeric materials include gold nanoparticles, calcium carbonate,
and sodium benzoate. The nucleating additives are required to remain as crystalline solids
during the heating and cooling of a polymer melt that occurs during processing to provide
pervasive sites that promote crystal nucleation.10,11
Surface Additives
Surface properties of polymers that can also be modified with additives, include
antifogging, antiblocking, and antistatic properties. A unique property of surface modifiers
4

is their slight incompatibility with the host polymer. The incompatibility drives the
additives to the surface allowing the desired surface-sensitive properties to be obtained.
Antifogging additives are typically fatty acid esters that wet the surface of a polymeric
sample, preventing the buildup of water droplets. Antiblocking surface modifiers are used
to prevent films from sticking together usually from static electricity buildup by blocking
the accumulation of static charge on the films. Antiblocking additives also prohibit films
from sticking together by preventing the interpenetration of the molecules in the films that
can occur by the phenomenon known as cold flow. Unlike antiblocking additives, the
ability to discharge static electric charge buildup on a polymer surface is specific to
antistatic additives. Antistatic additives can be chemicals that are entirely on the external
surface, internal chemicals that migrate to the surface, or fillers that create a pathway for
the charge to dissipate through the polymer.2
Chemical Additives
Chemical additives are also used to modify the oxidative degradation of a polymer
by the addition of antioxidants, to mitigate mildew or microbial attack with biocides, to
decrease the flammability of the polymer, or to stabilize the degradation of the polymer
due to its exposure to ultraviolet light.5 Oxidative degradation proceeds in polymers by free
radical reactions that can be initiated through heat, mechanical shear, ultraviolet light
exposure, or ionizing radiation.5 Common free radical products are hydroperoxides and
peroxy radicals, which promote the creation of more free radicals. Antioxidant additives
stop the radical formation by either intercepting the free radicals as they form, which is the
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process of a primary antioxidant additive, or through a secondary mechanism, that reduces
the hydroperoxides.5
Biocides are chemical additives that prevent the growth of mildew or
microorganisms on a polymer surface, as their development can promote the further growth
of bacteria, cause foul odors or structural damage. For instance, the food packaging
industry has studied incorporating antimicrobials, such as potassium sorbate, imazalil, or
allyl isothiocyanate, directly into packaging polymers to stop the growth of Listeria
monocytogenes, pathogenic Escherichia coli, and spoilage organisms including molds.12,13
The global market for flame retardant additives is a profitable industry producing
1.9 million tons of additives in 2011 with increases in global demand expected to
continue.14 The combustion of polymers produces noxious, combustible gases. The main
strategies to control the combustion of polymers is by cooling the material in the pyrolysis
zone because the heat radiates back into the polymer to sustain combustion, inhibiting the
free radical production during combustion or forming a protective layer on the surface.5
The most common and least expensive flame retardant additive consuming 45% of the
market is alumina trihydrate, while other anti-flammability additives include
organochlorine, organobromine, organophosphorus, antimony oxides and boron
compounds.5
Exposure of polymeric materials to ultraviolet light can photodegrade or photooxidize, the polymer, which results in yellowing or increased brittleness in polymers.
Additives that reduce the effect of ultraviolet light on the polymer include chromophores
that absorb the ultraviolet light. The absorbed photons of light are usually converted into
6

an excited singlet or triplet electronic state, losing energy through fluorescence or
phosphorescence. For example, the addition of 2 wt. % TiO2 nanoparticles to 200-µm
poly(methyl methacrylate-acrylic acid-butyl acrylate) copolymer films inhibits the
transmission of up to 99.99% of UV light (≤ 350 nm).15
Aesthetic Additives
Aesthetically, polymers may have their color, odor or transparency altered by the
strategic incorporation of additives.5 Coloring agents are better known as dyes or pigments,
where the two are differentiated based on their solubility in the polymer. Dyes are soluble,
while pigments are typically insoluble. Fragrances may also be added to polymer materials
for uses in personal care products, toys or garbage bags.5,16 Fragrant compounds can
include essential oils, which are typically volatile liquids that are used when certain
applications require the controlled release of an additive, such as spearmint flavoring ( Lcarvone) in chewing gum. Controlled release additives may be in the form of emulsions,
micelles, gels, patches, discs, microcapsules, supercritical fluids, and nanocomposites.16
Processing Additives
Processing additives can be combined with the polymer to produce or reduce
foaming, increase or decrease viscosity during processing, to prevent thermal degradation,
reduce shrinking or promote crosslinking.3,4,17 Blowing agents are used to produce
polymeric foams and are considered either to be physical or chemical. Physical blowing
agents are either gases dissolved in the polymer or low boiling liquids that boil during
processing producing the foam. For instance, water has been studied as a blowing agent for
7

polystyrene/wood fiber composites where the moisture content inherent to the wood was
used to create the foam during extrusion.18 Compounds that decompose during processing
are considered chemical blowing agents, such as azodicarbonamide or sodium
bicarbonate.19 On the contrary, processing additives that decrease the surface tension of the
polymer are used as defoamers, such as oils. The lowering of a polymer’s surface tension
prevents bubble formation, thus allowing any trapped gases to escape. Crosslinking or
curing polymer materials consists of bonding high molecular weight polymer chains
together or converting oligomeric species into a thermosetting polymer. Many crosslinking
agents are available but the most well-known method is sulfur used in the vulcanization of
rubber.
The improvement in performance that comes from mixing additives in a polymeric
material has increased the opportunity for new and innovative materials. It is important to
note that many polymer additives may be used in one or more of the five categories,
mechanical, surface, processing, chemical or aesthetic, described above. For instance, the
addition of a plasticizer will impart flexibility to a solid film, which makes it a mechanical
additive, and may also reduce the melt viscosity of the polymer matrix during processing,
meaning that it is acting as a processing modifier.4 Additionally, many polymers may
contain more than one additive to achieve its targeted properties, for instance colored
polystyrene foams include a coloring aesthetic additive as well as a blowing agent to
produce the foam.
The additive size also has a considerable effect on the modifications observed in
the polymer’s properties, as well as exhibiting their own unique properties. For instance,
8

nanoparticles are additives that have sizes between about 1 nm and 100 nm, where particles
of this size have a large surface area per unit volume. This increase in surface area is
important because reactions and interactions take place at this interface. For example,
macro-sized gold is consider an inert element but at the nanoscale, gold becomes reactive,
enough to be a catalyst in carbon monoxide oxidation.20 Nanoparticles have been around
for a long time, with a famous example being the Lycurgus cup that is from 4th century
Rome.21,22 One of the interesting features of the Lycurgus cup is that the glass is dichroic,
meaning it exhibits two different colors under certain lighting conditions. This is a result
of the incorporation of gold nanoparticles into the glass.21–24 With new highly controllable
synthetic approaches, sensitive characterization tools, new models and theories to explain
experimental observations, nanoparticle based composites are an area of great interest in
scientific research, as nanoparticles enable the development of novel materials with unique
properties that combine those of the nanoparticles and a polymer matrix.25–35
Although there is an extensive assortment of additives that can impact a wide
variety of properties in polymers, this thesis will focus on three specific additives, C60
nanoparticles, soft polystyrene nanoparticles, and poly(ethylene oxide) as an additive for
lignin.

Buckminsterfullerene (C60)
Carbon is one of the most abundant elements on Earth and has been used since
ancient times in the form of three naturally occurring allotropes, amorphous soot, graphite,
and diamond. In 1985, a new carbon allotrope was discovered by Kroto, Smalley, and Curl
while exploring the chemistry of carbon in stars. The newly discovered carbon allotrope
9

has 60 carbon atoms assembled into a highly symmetric truncated icosahedron that came
to be known as buckminsterfullerene or fullerene for short, due to the similarity in shape
to the geodesic dome designed by Richard Buckminster Fuller.36,37 The C60 fullerene
consists of 20 hexagonal and 12 pentagonal rings producing a one-nanometer diameter
closed cage structure where every carbon atom is sp2 hybridized. The unique structure
produces a particle that is analogous to an electron deficient alkene because most of the
aromatic nature is isolated to the hexagonal rings resulting in a relatively high electron
affinity of 2.65 ± 0.050 eV.38
The first major breakthrough in the reproducible production of C60 occurred in
1990, where C60 was formed by evaporating graphite electrodes in a reduced pressure
atmosphere (~100 Torr) of helium.39 Subsequently, there have been many related
evaporative methods of C60 production discovered, where all use a combination of vacuum
and inert atmosphere with laser ablation, sputtering, evaporation or inductive heating.40
Evaporative methods produce a black soot on the inside of the evaporation chamber,
consisting of C60 and other higher order fullerenes, such as C70 and C84, and must be
purified by sublimation or more commonly by their separation with selective solvents.40,41
Recently, a rational chemical synthesis of C60 has been reported.42 The synthesis begins
with commercially available chemicals that are used to synthesize a precursor that has
strategically placed chlorine atoms on a sixty carbon aromatic planar molecule. The
precursor is then subjected to flash pyrolysis at 1100 °C. One advantage of the chemical
synthesis and succeeding pyrolysis over the evaporation of graphite method is that it only
produces C60 because the precursor molecules predetermine the number of carbons that are
10

included in the final product. Therefore, it is also feasible that this procedure can be used
to synthesize other pure fullerenes, such as C70 and larger.42
Since the discovery of the C60 nanoparticle, there has been extensive research on
its properties, ultimately finding interesting mechanical, photochemical, electrochemical,
and magnetic properties.37,43–45 For example, C60 has shown exceptional strength. The
carbon ‘cage’ has been subjected to pressures up to 32 GPa (4.6 X 106 pounds per square
inch) in solution (m-xylene) and did not collapse.46 Although, when the nanoparticles are
not separated by the surrounding solvent molecules, the application of similar high pressure
results in the polymerization of the nanoparticles. It has also been reported that C 60 will
react with ozone when exposed to ultraviolet light, as well as polymerize photochemically
with visible or ultraviolet light.47,48 Electrochemically, the addition of C60 nanoparticles to
a polymer matrix increases the electronic properties of polymers by acting as a pathway to
increase electron transport.49 In the presence of a strong reducing agent such as
tetrakis(dimethylamino)ethylene, C60 possesses a Curie temperature of 16.1 K, one of the
highest Curie temperatures recorded for molecular ferromagnets.50 Exploitation of the
exceptional properties of C60 is one of the driving forces behind the increased research
interest in fullerenes, with the goal of producing materials for a wide range of applications.
One method to take advantage of the exceptional properties of the C60 nanoparticle
is the incorporation of C60 into polymer matrices, producing what is known as a polymer
nanocomposite. It is widely accepted that to maximize the performance of a polymer
nanocomposite, control of the nanoparticle dispersion and the interfacial interactions
between the nanoparticle and the polymer matrix are of the utmost importance.51 For
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example, a polyurethane/epoxy resin with a montmorillonite nanoparticle additive exhibits
a strong hydrogen bonding interaction between the components. These interactions
resulted in a polymer nanocomposite with improved miscibility and a decrease in the free
volume which is a consequence of the improved dispersion.52 On the other hand, a 1 vol.
% loading of alumina nanoparticles increased the tensile strength of a general-purpose
vinyl resin but with an increased loading of 3 vol. % the tensile strength decreased. Further
analysis of the composites with electron microscopy showed that the poor dispersion of the
alumina nanoparticles was the cause for the decrease in tensile strength at higher
loadings.53 Therefore, to realize the synergistic properties of C60 with a polymer, C60 must
be homogeneously distributed throughout the matrix without phase separating into
aggregates.
The main two approaches for the spatial dispersion of C60 in a polymer matrix are
covalent attachment of polymers to C60 or non-covalent interactions, such as chargetransfer, between the fullerene and polymer. Covalent attachment of polymers to the C60
requires a chemical reaction between the polymer and C60, resulting in disruption of the πelectrons in the C60 and ultimately altering the nanoparticle’s properties. Non-covalent
interactions, on the other hand, do not disrupt the electronic properties of C60. Taking
advantage of C60’s high electron affinity, non-covalent interactions such as electron
donor/acceptor (EDA) interactions are a viable avenue to achieve homogeneously
dispersed C60 nanoparticles in a polymer matrix.
The buckminsterfullerene nanoparticle has a unique structure and exceptional
theoretical properties.49 The exploitation of these properties in new materials has yet to be
12

fully realized, due in part to the lack of understanding of the fundamental forces that control
the dispersion of the nanoparticles in a polymeric matrix. Utilizing EDA interactions
between the polymer and fullerene, is an interesting technique to realize homogeneously
dispersed nanoparticles and is well suited for the C60 nanoparticle with its high electron
affinity. The ability of C60 to accept electrons creates an environment that can form strong
non-covalent interactions with a neighboring electron-donating molecule. Suitable electron
donor moieties were identified with density functional theory (DFT) calculations that
provided insight into the EDA interaction strength between electron donating monomers
and C60.54,55 The acrylonitrile functional group was chosen as a suitable functional group
to form an EDA interaction with the fullerene because of previous experiments in the group
and it’s calculated interaction strength with a fullerene is 2.1 kcal/mole an intermediate
value among the DFT studied monomers. Additionally, the acrylonitrile monomer has been
shown to improve the dispersion of single-walled nanotubes (SWNT), which has an
analogous aromatic structure to C60.54,55 In Chapter 2, we exploit the formation of noncovalent interactions between the C60 and the acrylonitrile functional group to efficiently
disperse the C60 nanoparticles in polyacrylonitrile (PAN). The dispersion of C60 in PAN
and the impact the addition of the C60 on the structural assembly of the PAN molecules are
determined using small-angle and wide-angle x-ray scattering and viscometry.

Soft Polystyrene Nanoparticles
The dispersion of nanoparticles in a polymer matrix is a difficult parameter to
control, owing to the complicated thermodynamic interactions that exist in the polymernanoparticle mixture, including the polymer-polymer, polymer-nanoparticle, and
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nanoparticle-nanoparticle interactions, as well as kinetic parameters during fabrication that
affect the ultimate morphology of the nanocomposite. The organic nanoparticles that are
used in the studies described in Chapters 3 and 4 are polymeric in nature and are designed
to minimize the thermodynamic aspects of polymer nanocomposites that hinder
nanoparticle dispersion.
The soft polystyrene nanoparticles were synthesized by a nano emulsion technique,
where the styrene was polymerized in the emulsion’s oil phase before a crosslinking agent
divinylbenzene was added.35 The nanoparticles were designed to be chemically similar to
a polystyrene matrix, thus decreasing any enthalpic penalty in the free energy of mixing.
In addition, the polymeric nature of the nanoparticle results in interfaces between the
polymer and nanoparticle that consist of free chain ends and chain loops making the
interface ‘fuzzy’. These unique interfaces allow the interpenetration of the linear polymer
chains of the matrix into the nanoparticles. This interpenetration of the nanoparticle fuzz
and the polymer matrix decreases the depletion of entropy force, which is an unbalanced
osmotic pressure and is a primary driving force of hard nanoparticle aggregation.
Therefore, soft organic nanoparticles are believed to create a nanocomposite that is
homogeneously dispersed, and will form nanocomposites with optimal properties.
Recent studies have shown that the incorporation of nanoparticles in a polymer
significantly alter the diffusion of the matrix polymer chains.26–30,56–59 Results from the
studies have focused on inorganic impenetrable hard nanoparticles that are assumed
immobile, while there is only one study, to the best of our knowledge, which studies the
diffusion of polymers in the presence of organic, penetrable nanoparticles. Interestingly, in
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the presence of hard immobile nanoparticles, the polymer diffusion coefficient decreases
relative to that of the neat polymer. These results also show that the decrease in the
diffusion coefficient of the polymer scales with a constraint parameter. This constraint
parameter quantifies the bottlenecks that are formed between neighboring nanoparticles
and is controlled by the loading and size of the nanoparticles. The bottlenecks decrease the
entropy of the polymer chains due to its elongation, which is required to travel through the
narrow passages produced by the stationary nanoparticles. This diffusive mechanism is
well described by the entropic barrier model, which has also described the diffusion of
polymer chains in gels and nanoporous materials.25 Moreover, all of the recent studies
report that the diffusion coefficient of the polymer chain in the nanocomposite was less
than that of the neat polymer.27,28,30,60 On the other hand, a study that examined the
diffusion of a polymer chain in the presence of an organic soft nanoparticle reported that
the viscosity of the polymer/soft nanoparticle mixture decreased from that of the polymer,
and did not follow the well-known Einstein prediction that the viscosity would increase.59
The decrease in the viscosity, or the resistance to flow, is interpreted as an increase in the
diffusion coefficient of the polymer chain with the addition of the nanoparticle. However,
the exact physical reason behind the increased diffusion remains uncertain.
The significant discrepancy in the results of diffusive properties of polymers in the
presence of soft and hard nanoparticles highlights our motivation to study the diffusion of
polystyrene chains in the presence of soft polystyrene nanoparticles. Addition of
nanoparticles to a polymer matrix increases the complexity of the physics that governs the
motion of the two components, and is not completely understood. The studies in Chapters
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3 and 4 expand our understanding of the molecular level dynamic processes that occur in
polymer nanocomposites with the addition of soft polymeric nanoparticles. This was
accomplished by monitoring the interdiffusion of a nanocomposite bilayer system with
neutron reflectivity. This also allowed us to develop a novel technique to determine the
diffusion coefficient of the nanoparticles for the first time, confirming that the soft
polymeric nanoparticles are not stationary and can contribute the complex polymeric
motion in polymer nanocomposites.

Additives in the Production of Lignin based carbon fibers
Carbon fibers defined as a fiber possessing a minimum of 92% carbon, have been
made from natural cellulose based fibers, such as cotton, for thousands of years.61 Most
famously carbon fibers were tested as filaments in incandescent light bulbs by Thomas
Edison.62 A renewed interest in carbon fibers began in the 1950’s with the carbonization
of Rayon and in the 1960’s with the discovery of the high carbon yields from the
carbonization of polyacrylonitrile (PAN).62 Lightweight, high tensile strength carbon
fibers, such as the ones made from PAN, are mainly used in conjunction with other
materials, such as carbon fiber reinforced concrete or carbon fiber reinforced plastics.62
Interest in carbon fibers has also increased because of the unique properties that the fibers
offer. For instance, of all reinforcing fibers, carbon fibers offer the highest specific modulus
and specific strength, as well as being free from stress corrosion and stress rupture
failures.62 The blending of carbon fibers into polymeric matrices offers a pathway to
produce next generation materials by creating stronger and lighter materials, increasing the
capabilities of industries such as aerospace, sports equipment and terrestrial
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transportation.61,62 Specific industrial uses of carbon fiber require strict specifications,
where the different grades of carbon fiber result in a variation in production costs. For
instance, in 2010, carbon fiber produced from the most common precursor, PAN, cost over
$30/kg and is highly dependent on the price of oil. The carbon fibers produced from PAN
have a modulus > 500 GPa and a tensile strength of 3.65 GPa.61,63 Meanwhile, the
automotive industry requires the cost of carbon fiber to be only $5-7 per pound with a
modulus of 172 GPa and a tensile strength of 1.72 GPa.63
The most common precursors from which carbon fibers are currently produced are
PAN or mesophase petroleum pitch, where the cost of these materials are the largest
contributor to the high cost of the final carbon fiber. These material costs account for 51%
of the final carbon fiber value, while utilities are next at 18%, depreciation results in 12 %
of the cost, labor and other fixed costs constitute the final 19%.63 Therefore, the high costs
of the precursors in carbon fiber production severely hinder the industrial growth of their
use. This has led to increased research into low cost precursors for carbon fibers by many
organizations. The low-cost precursor that our research has focused on is the renewable
biomass, lignin.
Lignin is a natural amorphous polymer. It is one of the main constituents of wood
and the second most abundant terrestrial biopolymer behind cellulose, making up close to
30% of the carbon in the biosphere, nearly 5 𝑋 108 tons.64–68 Lignin is generally obtained
as a byproduct in paper production through the separation from cellulose fibers by means
of the pulping process, where it is used as a low-cost fuel.65,67,69–73 Due to the renewability
of lignin, the large amounts of lignin produced, its biodegradability, its biocompatibility
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and its current use as a low-value fuel, there has been a growing interest in developing
more value added applications for lignin, such as a starting material for polyurethanes or
the precursor for carbon fiber.63,69,74
Production of carbon fibers from lignin is a multi-step process. Beginning with the
pelletization of the lignin, which are then melt spun, in an inert atmosphere, into a lignin
fiber. These fibers are oxidatively thermostabilized and carbonized in order to remove all
of the hydrogen and oxygen atoms from the lignin molecules and allows the individual
molecules to crosslink.63 The process is complex and requires careful control of the
processing specifications, such as the spinning conditions and thermal history, to create
carbon fiber reproducibly with targeted properties. To improve the processability of the
lignin based carbon fibers, polymeric additives such as poly(ethylene oxide), poly(ethylene
terephthalate), polylactide, poly(vinyl alcohol) and polypropylene to the lignin during
processing have been studied.61,63,65,67,72,73,75–79 The polymer additives improve the
oxidative thermostabilization process, which appears to improve the mechanical properties
and porosity of the ultimate carbon fiber.63,75,77,80 Additionally, it was found that the
addition of poly(ethylene oxide) into the lignin based carbon fibers kept the spooled carbon
fibers from fusing together, acting as an antiblocking additive. The effect of the polymeric
additives on the ultimate carbon fiber has been studied, but a definitive characterization of
the role of the polymeric additive on the molecular packing of the lignin is still missing.
This is mainly due to the lack of contrast between the lignin and polymer additives in
conventional x-ray scattering and electron microscopy.70,75 For these reasons, our study
uses small angle neutron scattering to determine the process by which the addition of
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deuterated poly(ethylene oxide) alters the assembly of protonated lignin in a deuterated
dimethyl sulfoxide solution, mimicking the solution from which lignin pellets are formed
before they are melt-spun.
Poly(ethylene oxide) (PEO), also known as poly(ethylene glycol), is an ether linked
polymer chain used in a myriad of technical applications that range from lubricants in
manufacturing to a potentiator that enhances detection of antigens and antibodies.81 For
example, one of the most widely used applications for PEO is as a flocculating agent in the
paper making, water filtration, and mineral flotation industries.82–84 PEO also has
applications as an additive that controls the viscosity of paints and as a surface modifier
that prevents biological macromolecules from binding to a surface.81 The precise uses of
PEO depend on the molecular weight of the polymer chains, due to the physical nature of
the polymer. For instance, low molecular weight PEO is a viscous liquid serving better as
an additive for controlling the viscosity of solutions, while higher molecular weight PEO
is a solid and is better applied as a flocculating agent.
The motivation to study PEO is based on previous results that found the addition
of PEO enhanced the processability of carbon fibers from lignin. The production of carbon
fibers from lignin PEO blend begins with the precipitation of a lignin PEO solution that is
filtered and pelletized. The blended lignin PEO pellets are then melt spun into fine
filaments. The filaments are then heat-treated to carbonize and graphitize the filaments,
from which the carbon fibers are spooled. Investigation of the process determined that the
addition of PEO to the lignin solution produced superior fibers compared to the fibers that
are formed without the PEO. In addition, the spooled filaments of the final carbon fiber
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formed with the PEO additive did not fuse together, unlike the filaments that did not contain
the PEO.
The structure of lignin in solution before the pelletization is intimately related to
the properties of the final carbon fiber and consequently the influence of the PEO on the
structure of lignin while in solution will have a direct effect on the final properties of the
carbon fibers. Currently, the influence of PEO on the lignin molecules while in solution is
currently unknown. Chapter 5 therefore seeks to determine the structure of lignin in the
presence of deuterated PEO in a deuterated DMSO solution. The study also considers the
role of the source of lignin either hardwood, softwood or annual grasses, on the assembly
of lignin in solution in the presence of PEO. To gain the required contrast between the
molecular constituents, deuteration of the solvent and PEO was utilized in conjunction with
small-angle neutron scattering.

Summary
Polymers are an important part of our everyday lives thanks in part to the ability of
additives to modify the properties of polymeric materials. Two important aspects of
polymer additives that have been studied in this dissertation are the effects that they have
on the structure and dynamics of the polymer matrix. The effect C60 has on the molecular
packing of polyacrylonitrile by utilizing electron donor/acceptor interactions to produce
well-dispersed nanoparticles in the polymer nanocomposite is studied with x-ray scattering
in Chapter 2. The diffusion coefficients of polystyrene chains in the presence of soft
polystyrene nanoparticles has been studied in Chapter 3 with neutron reflectivity expanding
our understanding of the complex physics of polymer chain diffusion in polymer
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nanocomposites. The neutron reflectivity technique used in Chapter 3 is further expanded
in Chapter 4 to determine the tracer diffusion coefficients of the soft polystyrene
nanoparticles into a linear polystyrene matrix, confirming the mobility of these
nanoparticles in the nanocomposites. Finally, the influence of poly(ethylene oxide) on the
structure of lignin in solution was studied to advance our understanding on how the
addition of poly(ethylene oxide) to lignin produces a stronger carbon fiber that does not
fuse together when spooled.
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CHAPTER 2:
THE IMPACT OF FULLERENES ON THE ORDERING OF
POLYACRYLONITRILE DURING NANOCOMPOSITE
FORMATION
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Introduction
Polymer nanocomposites, PNC, are a relatively new class of materials that
synergistically combine the distinctive properties of a polymer and nanoparticle.
Combining these properties can result in stronger, lighter materials that may also possess
exotic electrical and thermal properties. For instance, a 1 vol. % loading of graphene sheets
in a poly(methyl methacrylate) (PMMA) matrix produced an increase in its electrical
conductivity by 5 orders of magnitude.85 Also, 0.04 wt. % loading of C60 in a PMMA matrix
increased the shear moduli, glass transition temperature and longest relaxation time.86 The
increases observed in the properties of nanocomposites are a result of the large surface area
per unit volume that is inherent to nanoparticles. A nanoparticle’s large surface area to
volume ratio is important because more of the nanoparticle’s surface is available to interact
with the surrounding matrix while simultaneously occupying less volume. For example, a
spherical nanoparticle has a surface area to volume ratio of

3
𝑟

where r represents the radius

of the sphere, emphasizing that the smaller the sphere the greater the amount of surface
area that is available for interactions.
Carbon based nanoparticles, such as C60, single-walled nanotubes and graphene,
are important additives to polymers as they can incorporate novel strength, electrical and
thermal properties to a polymer. Unfortunately, they also are known to aggregate in
polymer matrices, resulting in poorly dispersed nanoparticles throughout the polymer
matrix and less than optimal properties. The aggregates of carbon-based nanoparticles are
held together by the weak van der Waals forces that allow the nanoparticles to easily slide
past one another when stresses are applied, lowering the mechanical strength of the
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resultant nanocomposite, as well as altering the electronic properties and decreasing the
surface area to volume ratio of the additive. Thus, aggregations of nanoparticles in polymer
nanocomposites have detrimental effects to the properties of the ultimate PNC making the
homogeneous dispersion of the nanoparticles throughout a polymer matrix an important
property to control.
Strategies that are used to improve the dispersion of nanoparticles in a polymer
matrix include covalent bonding of polymers to the nanoparticle and exploitation of noncovalent interactions between the nanoparticle and polymer. Covalent attachment of a
polymer chain to a nanoparticle that is chemically similar to the matrix occurs by a
chemical reaction bonding a polymer chain to the nanoparticle or by ‘growing’ the polymer
chain from the nanoparticle’s native surface. Both strategies of covalent attachment usually
result in a PNC with well-dispersed nanoparticles.55 Unfortunately, the covalent attachment
of a molecule to the graphitic carbon nanoparticle structure disrupts the aromatic nature of
the π-electrons, thus altering the electronic properties of the nanoparticles and assuredly
those of the final PNC as well.55 In addition, attaching polymers onto nanoparticles
produces a polymer shell around the nanoparticle that limits the interactions between the
matrix and the native nanoparticle surface. On the other hand, non-covalent interactions
such as the use of electron donor-acceptor interactions or van der Waals forces preserve
the inherent properties of the nanoparticles.87 Thus, strategies that exploit non-covalent
interactions are a preferable route to creating nanocomposites with improved dispersion,
but the impact of these interactions on the polymer assembly must be understood to create
polymer nanocomposites that can achieve a range of desired properties.
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Preparation methods of a polymer nanocomposite can also impact the dispersion of
the nanoparticle in the final nanocomposite.88 A common method to fabricate a thin film
PNC with well-dispersed nanoparticles utilizing non-covalent interactions is via solution
casting. The limited availability of mutually good solvents for both the nanoparticle and
polymer often results in the PNC being cast from a mixed solvent solution. In this process,
the nanoparticle and polymer are dissolved separately in their respective solvents and the
solutions are combined to produce the PNC solution. The structures and interactions among
the two solvents, the nanoparticle, and the polymer in the PNC solution will significantly
affect the dispersion of the nanoparticle in this solution, and thus in this final film, and yet
is an area that is not well studied. For instance, strong attractive interactions between a
polymer and a ‘good’ solvent will produce a polymer conformation that will be more
expanded than if these interactions are unfavorable, such as in a theta solvent.
Alternatively, a polymer chain in a poorer solvent will more likely collapse, leading to
separation of the polymer from the nanoparticle, and a less desirable nanoparticle
dispersion throughout the final PNC film.
The complex thermodynamics of entropic packing and enthalpic interactions
between polymer-particle, polymer-polymer and particle-particle during solvent
evaporation of the PNC solution will direct the morphology final PNC.32,89 A polymer–
particle interaction that is stronger than the polymer-polymer or particle-particle interaction
can disrupt the packing of the polymer, which can deteriorate the properties of the pure
polymer. Conversely, if the self-attraction between polymer-polymer and particle-particle
is strong and unable to be overcome by the interfacial attraction between the polymer and
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particle, a poorly dispersed nanocomposite will usually result. For instance, nanoparticles
such as CdS have been found to induce changes in copolymer morphologies of
poly(styrene-b-4-vinyl pyridine) from hexagonally packed cylinders to lamellae90 and the
addition of Au nanoparticles can shift the morphology of poly(styrene-b-2-vinyl pyridine)
copolymers from lamellae to bicontinuous gyroid.91
Therefore, the current investigation utilizes this perspective to examine how the
introduction of C60 to a polyacrylonitrile (PAN) matrix alters the dispersion of the polymer
and nanoparticle in solution and how this translates to the structural ordering of the polymer
in a solution cast PNC. Examining the viscosity of the PNC solution monitors the impact
of a mixed-solvent and C60 on the solvated behavior of the polymer by providing a measure
of the polymer chain expansion in solution. The structures of C60 and the polymer chain in
the solvent free PNC film are then examined by both small and wide-angle x-ray scattering.
The scattering results indicate that the presence of small amounts of C60 in the casting
solution alter the structural development of the PAN during the film drying process, and
guide the PAN toward a novel structure.

Methods / Experimental
Chemicals.
Polyacrylonitrile (PAN) was purchased from Scientific Polymer Products, Inc. with
a listed weight average molecular weight (Mw) and number average molecular weight (Mn)
of 102,700 g/mole and 60,600 g/mole, respectively. The fullerenes, C60, were purchased
from Bucky USA (99.5% purity). Anisole (99% purity) and 1, 2, 4-trichlorobenzene (TCB)
(99% purity) were purchased from Sigma Aldrich. HPLC grade toluene was purchased
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from Fischer Scientific. N-methyl-2-pyrrolidinone (NMP) (99.5 % purity) and extra dry odichlorobenzene (ODCB) (99% purity) were purchased from Acros Organics. All materials
were used as received with no further purification
Sample Preparation.
Polyacrylonitrile (0.6000 g) was dissolved in NMP (15.0 mL) at 100 °C with
vigorous stirring in a 4-dram scintillation vial with an aluminum-lined lid. In separate 4dram vials with aluminum-lined lids, the appropriate amount of fullerene was dissolved
with either anisole, o-dichlorobenzene (ODCB), trichlorobenzene (TCB) or toluene and
bath sonicated for two hours. All C60 solutions were purple in color, which indicates
individually dissolved C60 molecules.41,92 The C60 solutions were then added to the polymer
solution drop wise with disposable glass pipets. The solvents in the nanocomposite solution
were slowly evaporated down to 5 mL with a stream of air to aid the evaporation of the
solvent. The concentrated, viscous solutions were transferred into a rectangular Teflon
mold and placed in a vacuum oven at 100 °C and 762 mm Hg of vacuum for 5 days to
ensure that all of the solvent evaporated. The solvent free, solid nanocomposites were then
compression molded at 135 °C with a pressure of 5,000 lbs. for 5 min and 10,000 lbs. for
5 min with an aluminum mold (1 cm  2 cm  0.05 cm). Kapton® sheets were used to
protect the samples from the heated plates of the Carver® hydraulic laboratory press.
Viscosity.
Measurements were carried out with a Titronic Universal® automatic dilution
instrument, attached to an AVS 370 pump, with a modified micro-Ubbelohde capillary
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viscometer, 0.64 mm diameter, and water-cooled submersion bath at 25 °C, and all
instruments are manufactured by Schott.
X-ray Scattering.
Small angle x-ray scattering (SAXS) was performed on a Molecular Metrology
instrument using Cu Kα radiation (λ=1.5418 Å) equipped with a two-dimensional position
sensitive proportional detector of circular shape (radius = 2.5 cm). A monochromatic x-ray
source from the sealed x-ray tube is focused by a pair of Kirkpatrick-Baez micro-focusing
mirrors. The sample to detector distance was 1.5 m with the q-range 0.01 Å-1 to 0.15 Å-1.
The x-ray operating voltage was 45 kV with a current of 0.66 mA. The exposure time for
measuring each sample was 1 hour. X-ray Diffraction (XRD) was performed on the
polymer nanocomposites with a Rigaku, Inc. XRD instrument at room temperature, using
monochromatic Cu Kα radiation operating at 45 kV and 40 mA. Data were collected for
2θ ranging from 10 to 35 degrees. The peaks were deconvoluted with the program
PeakFit®. The goodness of the fits for the XRD peaks was determined by comparing the
statistical R2 values, choosing the value closest to one to be used in the analysis of the XRD
peaks.

Results
Viscosity.
The intrinsic viscosity of polymeric solutions measures the increase in the viscosity
of the solution due to the addition of the polymer, as well as providing insight into the
dissolved polymer conformation and polymer-solvent interactions. The more favorable the
28

interactions between polymer and solvent, the more viscous a polymer solution will
become due to the increased swelling of the polymer chains. Conversely, if the interactions
of the solution are unfavorable, the polymer chain will collapse, thus lowering the viscosity
of the solution. The intrinsic viscosities of each of the solutions from which the resultant
nanocomposite films are cast are shown in Table 1. The flow times of the mixed solvent
polymer solutions were measured using the same solvent ratio as the solutions from which
the PNC films were cast.
The intrinsic viscosity, summarized in Table 1, shows that the addition of a second
solvent to the PAN/NMP solution increases the viscosities of the solutions indicating an
increase in the contribution of the polymer to the viscosity of the solution. The addition of
C60 to the solutions slightly decreases the viscosity compared to the solutions without C60,
but do not decrease the viscosity below that of PAN dissolved in the single solvent NMP.
The intrinsic viscosity of a polymer solution is directly related to the hydrodynamic
volume, 𝑉ℎ and the hydrodynamic radius, 𝑅ℎ of the polymer coil by Equation 1,

[𝜂] =

5𝑁𝐴 𝑉ℎ
2𝑀

(1)

where 𝑁𝐴 𝑎𝑛𝑑 𝑀 represent Avogadro’s number and the polymer molecular weight,
respectively. The hydrodynamic volume is then related to the polymer’s hydrodynamic
radius by Equation 2.
4
𝑉ℎ = 𝜋𝑅ℎ3
3

(2)
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Table 1: The list of intrinsic viscosities of the nanocomposite solutions from which the
PNC are cast.
Sample
Intrinsic Viscosity (ml/mg)
0.164
PAN/NMP
0.195
PAN/NMP/Anisole
0.195
PAN/NMP/ODCB
0.200
PAN/NMP/TCB
0.186
PAN/NMP/Toluene
0.195
PAN/NMP/Anisole/0.262 wt.% C60
0.164
PAN/NMP/ODCB/0.526 wt.% C60
0.176
PAN/NMP/TCB/0.525 wt.% C60
0.182
PAN/NMP/Toluene/0.334 wt.% C60
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Figure 1 displays the hydrodynamic radius of the polymer in each nanocomposite solution
and mixed solvent as derived from the viscosity measurements. The 𝑅ℎ only varies between
13.9 nm and 14.8 nm, illustrating that the addition of the second solvent and C60 to the
solution do not detrimentally alter the polymer chain dimensions. This can be interpreted
to indicate that these solutions accommodate the polymer and the nanoparticles well.
Therefore, these results suggest that the nanoparticles and matrix will not phase separate
during the solvent evaporation in the formation of the final solvent-free film.
X-ray Diffraction.
The crystalline nature of atactic polyacrylonitrile (PAN) has been studied for more
than 50 years, where it was originally believed that atactic PAN had little or no
crystallinity.93–95 However, in an atactic polymer there exist dyads, triads and polyads of
isotacticity or syndiotacticity along the polymer chain, i.e. chain segments that can arrange
into a crystalline structure.93–97 Molecular mechanics calculations have demonstrated that
a purely isotactic PAN that is 10 monomers long will adopt a 31 helical structure, while a
pure syndiotactic PAN of the same length adopts a structure that consists of distorted
zigzag conformers. A mixture of the two tacticities was shown to produce a mixture of
helical and zigzag conformations. Interestingly, the isotactic portions may also adopt a
conformation that emulates the planar zigzag conformations of the syndiotactic portions,
thus allowing the polymer to crystallize.98,99 X-ray diffraction (XRD) experiments have
examined oriented PAN fibers and the results were interpreted to show that PAN would
pack into a two-dimensional ordered structure with regular chain spacing approximately
5.2 Å.93,95 Unfortunately, conflicting XRD and electron diffraction studies from various
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Figure 1: The hydrodynamic radius of the PAN molecule as determined from
intrinsic viscosity measurements
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research groups could not unequivocally verify whether the unit cell structures of PAN are
hexagonal or orthorhombic.100–103 Careful sample preparation of dry PAN fibers by Bashir
has clarified this uncertainty by showing that solvent co-crystallization during the
production of PAN fibers can induce a shift in crystalline structure of PAN from hexagonal
packing of pure dry PAN to orthorhombic packing of samples that contain residual
solvents.100,104 These results show that dry PAN fibers exhibit two main XRD peaks at 17°
and 30°, which correspond to molecular distances of 5.2 Å and 3.0 Å. This √3: 1 ratio is
indicative of hexagonal packing.101,105–107 In this crystalline structure, the individual
polymer chains adopt a rod-like structure that is on the order of 80 Å long with six PAN
chains coming together producing the hexagonal polymorph.108
Alternatively, PAN fibers that form in the presence of residual solvent produce a
doublet peak at 17° that coincides with the co-crystallization of the solvent, which produces
orthorhombic packing.100,101,106,109 As seen in Figure 2, a sample formed in our laboratory
that consists of pure PAN exhibits a single peak at 17° and a second peak at 30°, confirming
hexagonal packing as the crystalline structure of this sample. The 30° peak is assigned to
the crystalline structure of isotactic PAN, where the isotactic polymer chain mimics the
packing of a syndiotactic chain in a zig-zag fashion.110 The middle two peaks between 20°
and 25° are assigned to small imperfect crystallites or molecular aggregates, which vary
with the amount of isotacticity in the polymer chain, as well as the sample preparation
method.96,107,109–111 The inset in Figure 2 shows the small angle x-ray scattering from our
pure PAN sample illustrating that there are no larger structural features in the pure PAN
sample at this length scale. The single WAXS peak at 17° confirms that the sample
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Figure 2: The XRD of the neat PAN film plotted as the intensity as a function of 2 Theta.
The main peaks are at 17° and 30° indicating a hexagonal morphology. The middle
peaks are irregular crystallites that change with the amount of isotacticity in the polymer
chain. The inset is the SAXS of the neat PAN.
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preparation used for this sample produces a PAN film that is void of any solvent.
The XRD of the nanocomposites are more complex than that of the pure PAN,
where the results are summarized in Table 2 and a representative set of data is shown in
Figure 3. The 17° peak of the pure PAN sample is best fit by a single peak, while the 17°
peak of the nanocomposites are best modeled by two peaks centered around 17°. The
splitting of the 17° peak is a strong indicator that the polymorph shifts from hexagonally
close packed to an orthorhombic packing. The 30° peak, shown in Figure 2, which
corresponds to the isotactic polymer chains that mimic syndiotactic packing, remains
relatively unchanged for all samples.
It is important to note that the XRD of the nanocomposites do not show a peak at
11°, which is specific to crystalline C60, therefore the C60 does not phase separate in these
samples. The presence of C60 also alters the percentage of crystallinity in the films, which
is calculated from the ratio of the crystalline peak area, 𝐴𝑐 , and total area of the XRD curve,
shown in Equation 3,

% 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 =

𝐴𝑐
∗ 100
𝐴𝑇

(3)

where the total area, 𝐴𝑇 , includes the area of the broad scattering peak attributed to
amorphous content. This analysis indicates that the pure PAN film is ~60% crystalline,
likely due to the slow evaporation of solvent during the sample preparation, which allows
more time for the polymer chains to pack into the crystalline lattice.110 As the data shows
in Table 2, the addition of C60 significantly decreases the amount of crystalline polymer in
the samples. The decrease in crystallinity is intriguing because the addition of nanoparticles
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Table 2: A summary of the analyses of the XRD and SAXS curves of the neat PAN and
the PAN/C60 nanocomposites. The peak positions are presented as 2θ in degrees.
Peak
Packing
(2θ)
17.0
HCP
Neat PAN
29.5
16.7
0.215 wt.%
17.3
Ortho
C60 Anisole
29.3
16.8
0.485 wt.%
Ortho
C60 Toluene 17.3
29.1
16.7
0.538 wt.%
17.3
Ortho
C60 TCB
29.1
16.6
0.590 wt.% 17.2
Ortho
C60 ODCB
29.3
Sample

Crystallite
Size (nm)
6.27
3.48

Crystallinity
(%)

Persistence
Length (Å)

R2
value

59.6

80.7

0.985

24.7

34.0

0.993

15.9

29.4

0.991

23.9

36.9

0.986

23.7

37.9

0.992

9.46
7.65

2.92
9.17
10.7

3.61
7.38
12.2

5.05
8.18
8.62

4.00
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such as C60 can act as a nucleation site for crystalline growth, which would increase
polymer crystallinity. Rather, the addition of the nanoparticles appears to inhibit the
longitudinal chain packing, which is commensurate with the consistent distribution of the
C60 throughout the sample.
This may be understood by a physical picture of the crystal formation process that
initially includes the C60 distributed homogeneously throughout the polymer, but leads to
the exclusion of the C60 from the crystal as it grows latitudinally. This process results in
the segregation of the C60 to the periphery of the long rigid crystals. This would manifest
as a crystalline PAN structure that is decorated with C60 on the outside of the PAN
crystalline regions. This is also consistent with the idea that the C60 acts like a residual
solvent that is present during the PAN crystallization, which would explain the subtle shift
from hexagonal to the orthorhombic structure.
The size of the PAN crystallites in the neat polymer and nanocomposites were also
evaluated with Equation 4, known as the Scherrer equation.

𝜏=

𝐾𝜆
𝛽cos(𝜃)

(4)

In this equation, 𝜏 is the crystallite size in nanometers, K is a constant that is typically 0.9
for polymeric systems, 𝜆 is the wavelength of radiation (0.154 nm), 𝛽 represents the fullwidth at half maximum (FWHM) of the XRD peaks and 𝜃 is the angle of diffraction in
radians.102 Analysis of the crystallite sizes in the composites does show larger crystallites
than the pure PAN samples, with an increase of about 1-3 nanometers. It is interesting that
this increase in crystalline size is similar to the length scale of the crystal in the pure PAN
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sample plus an additional one to three C60 nanoparticles that are incorporated at the
periphery of the PAN crystal.
Small-Angle X-ray Scattering:

To understand how these smaller structural features correlate to larger structures,
we used small-angle x-ray scattering (SAXS) to investigate the presence of larger
structures in the PAN nanocomposites. Figure 4 shows the small-angle x-ray curves of the
nanocomposites, which exhibit a peak that is absent in the SAXS curve of the pure PAN
sample (Fig 2 inset). The pure PAN does not feature a peak while the nanocomposites all
have a peak around 0.04–0.05 q (Å-1). The relationship

2𝜋
𝑞

= 𝑑 relates q-space into the

real space distance. The addition of C60, therefore, produces structures that have a dominant
length scale between 157 Å and 125 Å. The data in Figure 4 are presented as a Kratky plot
to minimize the low-q scattering and emphasize the features in the curves at higher q in the
SAXS pattern. As can be seen in Figure 4, all of the samples exhibit a positive slope
towards high-q (> 0.06). The upward slope in the Kratky plot indicates a more rigid
structure at smaller length scales. The crystals of the PAN polymer, which are the scattering
object, have been previously described as rod-like, thus this result is not surprising. The
persistence length, 𝑙𝑝 , of this rod-like structure can be calculated by noting the
characteristic q value, denoted by q*, at which the curve deviates from the horizontal to an
upward slope, with Equation 5112
6
𝑙𝑝 = ∗
𝜋𝑞

(5)
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Figure 4: A Kratky plot of the pure PAN and PAN/C60 nanocomposites formed from
mixed solvents.
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These results, summarized in Table 2, show that the persistence length of the crystals in
the nanocomposites are significantly less than those of the pure polymer, implying that the
rod-like PAN crystals are longer in the pure PAN than in the PAN nanocomposites. This
can also be explained by the presence of the C60 nanoparticles disrupting the packing of
the polymer chains into long crystals, thus decreasing the rigidity or persistence length of
the rod-like crystals. Our analysis of the wide-angle scattering results implies that the C60
resides on the outside of the PAN crystalline regions, limiting the latitudinal growth of the
crystals, while the SAXS data indicates that the presence of the C60 also limits the
longitudinal growth of the PAN crystals. This interpretation therefore indicates that the C60
significantly limits the growth of the PAN crystals in all directions.
Directing our focus to the low-q region (<0.06) in the SAXS pattern (Figure 4), a
broad peak is present for the SAXS data of the nanocomposites, which is absent in the
SAXS curve of the pure PAN sample. A common interpretation of a SAXS peak that is
similar to those shown in Figure 4 is that of a long period of the crystals, where the long
period is described as the distance between two adjacent crystalline regions or
mathematically as in Equation 6

𝑙𝑜𝑛𝑔 𝑝𝑒𝑟𝑖𝑜𝑑 =

1
1
𝑤𝑐 + 𝑤𝑎 + 𝑤𝑐
2
2

(6)

where 𝑤𝑐 is the width of crystalline area and 𝑤𝑎 is the width of the amorphous region.
However, the interpretation that this peak is a signature of the long period is not
consistent with the XRD results. The addition of the nanoparticle decreases the amount of
crystallinity, as shown in Table 2. A consequence of the decrease in crystallinity is an
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increase in the distance between crystalline regions, as less crystallinity results in larger
amorphous regions, thus larger crystalline separation. If the peak observed in the
nanocomposite SAXS curves were a measure of the spacing between crystalline regions,
doubling the crystallinity would decrease the long period by approximately half. If this
were the case, the pure PAN sample would have a peak near 12°-10° in the XRD profile,
but it does not. Moreover, the pure PAN sample with the highest crystallinity does not
exhibit a peak in the SAXS q-range, further strengthening the interpretation that this peak
is not related to the crystalline long period.

Discussion
The production of the PAN/C60 polymer nanocomposites consists of two
fundamental steps, first the mixing of the two individual solutions that contain the PAN
and C60, followed by the evaporation and subsequent concentration of the combined
solution until the PNC is solvent-free. The combination of the two solutions may result in
a significant decrease in solvent quality for the polymer or nanoparticle, and hinder the
homogeneous dispersion of nanoparticles and polymer in solution, ultimately affecting the
distribution of the nanoparticles in the polymer matrix in the final film. The viscosity data
in Table 1 and the hydrodynamic radii in Figure 1 indicate that the C60 and polymer
solutions from which the nanocomposites are fabricated are a homogeneously dispersed
PNC solution. During the solvent evaporation process, the swollen polymer chains will
begin to self-assemble into their final morphology as the solution becomes more
concentrated. The SAXS and XRD results of this study indicate that the described selfassembly process excludes the C60 nanoparticles from the crystalline PAN structures, but
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the presence of the C60 directs the structural ordering of the PAN. The XRD results provide
evidence that the C60 behaves as a residual solvent and shifts the PAN crystal structure
from hexagonal packing in the pure PAN to an orthorhombic morphology in the
nanocomposites. The results from the viscosity and XRD experiments suggest that during
film formation and prior to PAN crystallization, the C60 is homogeneously dispersed in the
film. Once PAN crystallization commences, the C60 is excluded from these crystalline
regions, and is thus sequestered to the outer edges of the PAN crystals. This is consistent
with the shift in PAN crystalline morphology, with the C60 behaving in a similar manner
to a residual solvent. The SAXS data illustrates a decrease in the persistence length of the
PAN crystals in the nanocomposite, which is also consistent with the confinement of the
C60 to the outer boundary of the PAN crystals. Moreover, the presence of the C60 at the
edges of the PAN crystals hinders the crystalline growth significantly decreasing the
percent crystallinity in the PNC.
Sequestration of the C60 to the periphery of the PAN crystals and the decrease in
the percent crystallinity is also consistent with the appearance of the SAXS peak. The
SAXS peak results from a distribution of rod-like PAN crystals that are approximately 810 nm wide surrounded by an amorphous C60 rich layer that is about 4-6 nm thick,
producing a scattering domain that is on the order of 14-16 nm. The PAN crystalline
domain that is decorated with amorphous C60 on the periphery will appear as a single
structure in x-ray scattering because these two materials have similar scattering length
densities (SLD), because SLD in x-ray scattering comes from the electron density in the
sample. To test this hypothesis, the scattering length densities of the PAN crystal and the
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C60 fullerene can be estimated. A lower-bound estimate of the x-ray SLD for PAN is
1.10 𝑋 10−5 Å−2 , based on a density of 1.22 g/mL for PAN113, which includes contributions
from the lower density amorphous regions and higher density crystalline regions. If we
assume a 10% increase in density for crystalline PAN, the resulting SLD of the PAN crystal
is 1.21 𝑋 10−5 Å−2 . The C60 in these nanocomposites is amorphous, since the XRD does
not show a crystalline peak for the fullerene. The density of crystalline C60 is reported to
be 1.65 g/mL114, assuming that the density of amorphous C60 is 10 – 20 % less than that of
crystalline C60 leads to an SLD of 1.26 𝑋 10−5 Å−2 − 1.12 𝑋 10−5 Å−2 . Thus, the SLD of
the PAN crystal and amorphous C60 are quite similar and thus these two materials will
appear as similar structures in x-ray scattering. Moreover, this information is consistent
with the structure of the final nanocomposite consisting of PAN crystals decorated with
C60 fullerenes on their periphery, which results from the directed assembly of the PAN
crystal by the C60 during film formation.

Conclusion
Viscosity measurements of PAN in a single solvent, mixed solvents, and in solution
with C60 indicate the nanoparticle and polymer are homogeneously dispersed in solution
prior to nanocomposite formation, which is advantageous for producing a well-dispersed
PNC film. Additionally, the choice of a second solvent and C60 does not significantly alter
the size of the crystals in the nanocomposite films.
The XRD of pure PAN confirms that the sample preparation does not leave residual
solvent, as indicated by the formation of a hexagonally closed packed unit cell. The pure
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PAN sample also exhibits an upward slope at high-q in a Kratky plot of the SAXS data,
indicating the presence of rod-like structure of the crystals. The addition of C60 to the PAN
matrix, however, results in significant changes to the SAXS and XRD scattering, which
includes the appearance of a broad peak in the SAXS and a shift of crystalline packing
from hexagonal to orthorhombic. The amount of PAN crystallinity in the nanocomposites
is inhibited by the inclusion of C60, where the crystallinity of the nanocomposite is less
than half that of the pure polymer. This also manifests itself as a reduction in persistence
length of the rod-like PAN crystals.
A structural model that can account for the change in the scattering patterns with
the addition of C60 is one where the PAN packs into rod-like crystals with hexagonal
packing of the polymer chains in the neat polymer film. The addition of C60 nanoparticles
to the PNC solution results in a homogeneous distribution of C60 in the polymer prior to
crystallization, which is followed by the sequestration of the C60 to the outer edges of the
PAN crystals during crystallization, producing an orthorhombic crystal morphology in the
final film. The addition of C60 also inhibits the crystallization process of the PAN chains,
as indicated by the decrease in percent crystallinity and decrease in persistence length. A
consistent description that explains the subtle shift in crystalline morphology, the decrease
in crystallinity, the decrease in persistence length, as well as the appearance of the SAXS
peak is that the C60 nanoparticles envelope the rod-like PAN crystal in the final PAN/C60
nanocomposite. Consequently, the obstruction of the PAN crystallization by the C60 in the
crystallization process directs the size of crystals to a dominant length scale that manifests
itself in a peak in the SAXS curves of the nanocomposites.
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CHAPTER 3:
THE DIFFUSION OF LINEAR POLYSTYRENE IN THE PRESENCE
OF SOFT NANOPARTICLES
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Introduction
Polymer diffusion is an important process in many polymer applications, such as
polymer welding, and packaging. Polymer diffusion is also intimately related to the
nanoscale phenomena of phase separation and mixing. The center of mass diffusion of
polymer chains in the melt is theoretically described by two models, the Rouse model and
the Reptation model.115–120 The Rouse model describes the center of mass motion of
unentangled polymer chains,119,120 while the Reptation model describes the long range
motion of entangled polymer chains.115,118 The Rouse model divides the polymer chains
into segments or beads, with each segment being held together by springs, which represent
the polymer chain entropic restoring forces. The intermolecular interactions in the Rouse
model are accounted for by a friction coefficient, which accounts for local intermolecular
interactions, but does not account for any added constraints of entanglement between the
chains. For this reason, the Rouse model is limited to polymer melts or solutions with
molecular weights less than the entanglement molecular weight, but requires the polymer
chains to be sufficiently long for Gaussian chain statistics119 and predicts that the diffusion
−1 116
coefficient will scale with the inverse of the molecular weight, 𝐷𝑅𝑜𝑢𝑠𝑒 ∝ 𝑀𝑊
.

The entanglements among polymer chains that exist in the melt of higher molecular
weight polymers significantly increase the constraints on the polymer chain center of mass
diffusive motion. The Reptation theory was presented by de Gennes, which accounts for
these constraints by introducing a fictitious tube that confines the diffusive motion of the
polymer chain motion along the contour of the tube, described as a wriggling or reptating
motion.115 The tube-like structure is formed from the entanglements of the surrounding
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polymer chains. With the additional constraints of the entanglements, the Reptation model
predicts a stronger molecular weight dependence of the diffusion coefficient than the Rouse
−2 115,121
model, 𝐷𝑅𝑒𝑝𝑡𝑎𝑡𝑖𝑜𝑛 ∝ 𝑀𝑊
.
This relationship has been confirmed experimentally. For

example, Zheng et al. used secondary ion mass spectrometry to monitor the diffusion of
linear deuterated polystyrene (dPS) into a linear PS matrix or a cross-linked PS matrix.122
The linear chain diffusion into the cross-linked matrix was slower than the diffusion into
the linear analogue but center of mass diffusion was observed as long as the length between
crosslinks was greater than the entanglement length. Ultimately, Zheng showed that the
diffusion of linear chains into either the linear or cross-linked matrices exhibit the
molecular weight dependence predicted by Reptation theory. Furthermore, the effect of
polydispersity on polymer diffusion has also been studied, the results show that the
diffusion of individual chains is independent of the diffusion of neighboring chains with
significantly different sizes.123
In the past few years, the diffusion behavior of polymer chains in the presence of
nanoparticles has attracted a significant amount of attention. The addition of nanoparticles
to a polymer matrix increases the complexity of the polymer motion. A common theme in
these reports is that the presence of the nanoparticle presents an obstacle to polymer
diffusion, and forces the polymer to diffuse through a confined environment. Moreover,
the diffusion of polymers chains in confined environments has been extensively studied,
where such environments include gels, nanopores and in the presence of hard immobile
spherical nanoparticles. These results show that the diffusion of the polymer chain is
significantly influenced by the extent of confinement, due to the entropy of the chain being
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reduced because the polymer chain conformations are limited while diffusing through the
confinement.25,27–30,56,124 This behavior is successfully modeled by the entropic barrier
model (EBM) in many nanocomposite systems. Systems that are described by the EBM
include PS chains in the presence of phenyl-capped spherical silica (SiO2) nanoparticles29,
deuterated poly(methyl methacrylate) in a nanocomposite of poly(methyl methacrylate)
and hydroxyl-capped spherical SiO2 nanoparticles56, and deuterated polystyrene (dPS)
diffusing into a PS nanocomposite loaded with spherical SiO2 nanoparticles grafted with
linear PS chains.27 Interestingly, these studies found the diffusion of the polymer chains
universally scaled to a master curve, where the master curve is produced by plotting the
reduced diffusion coefficient as a function of a confinement parameter.27 The reduced
diffusion coefficient is defined as the diffusion coefficient of the polymer chain in the
nanocomposite normalized by the diffusion coefficient of the neat polymer and the
𝐼𝐷

confinement parameter (2𝑅 ) is defined as the ratio of the interparticle distance (ID)
𝑔

between the nanoparticles and twice the radius of gyration (Rg) for the polymer.27 It is
worth mentioning that these reports focused on systems where an impenetrable spherical
nanoparticle could be approximated as stationary, only examined systems where Rg
(nanoparticle)/Rg (polymer) > 2 and all of the diffusion coefficients of the polymer in the
nanocomposite were less than that of the neat polymer.
The impact of anisotropy of the nanoparticle on polymer diffusion in
nanocomposites has also been studied. In these studies, the diffusion of polymer chains in
the presence of rod-like carbon nanoparticles, such as single-walled nanotubes (SWNT)
and multi-walled nanotubes (MWNT) were monitored. These results show that the
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diffusion coefficient of the polymer will undergo a minimum as a function of nanoparticle
loading, when the polymer Rg is larger than the radius of the SWNT26 or MWNT.60 Other
rod-like nanoparticles such as polymer grafted chain nanoparticles (cNP), which are
nanoparticles that consist of ∼5 spherical iron oxide (Fe3O4) nanoparticles (5 nm diameter)
fused together to form string-like aggregates that have PS grafted to the surface, also show
a minimum in the diffusion coefficient with nanoparticle loading. Specifically, the
minimum exists when the Rg of the matrix polymer is 3 times larger than the length of the
cNP, suggesting the size and shape of the nanoparticles have a significant impact on the
matrix behavior.124 The minimum in the polymer diffusion coefficient in the presence of
SWNT, MWNT and cNP has been argued to result from the anisotropic diffusion of the
polymer chains near the nanoparticles in the direction perpendicular to the contour of the
rod-like nanoparticles.26,60,124
The diffusion of polymers in the presence of penetrable soft nanoparticles has not
been studied as extensively as polymer nanocomposites with impenetrable nanoparticles.
One such report, by Mackay et al.,59 has reported the impact of soft PS nanoparticles (3-5
nm diameter) on the viscosity of linear PS chains. Unexpectedly, their results show that the
viscosity of the nanocomposite decreases relative to that of the neat PS. This result does
not follow the behavior predicted by the Stokes-Einstein model that the viscosity will rise
with increased nanoparticle loading. The decrease in the viscosity is interpreted to be the
result of an increase in the diffusion coefficient of the linear PS while in the presence of
the soft PS nanoparticles. They concluded that the incorporation of the soft PS
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nanoparticles altered the linear PS chain conformation and increased the free volume in the
nanocomposite.
The considerable variation of results for polymer chain diffusion in the presence of
a variety of nanoparticles demonstrates the need for a better understanding of the
underlying physics that governs the center of mass diffusion of a polymer in the presence
of nanoparticles. In this study, we explore the center of mass diffusion of linear PS in the
proximity of soft PS nanoparticles and discover an interesting result suggesting the relative
softness and mobility of the nanoparticles dramatically influences the diffusion of the
polymer chain. We report the diffusion coefficient of neat PS and PS with a 1-weight
percent (wt. %) loading of soft PS nanoparticles as a function of matrix PS molecular
weight and nanoparticle softness. The diffusion coefficient of the neat PS follows the
molecular weight dependence that is predicted by the Reptation model, while the change
in the diffusion coefficient of the PS with the addition of the soft nanoparticles is dependent
on the relative sizes of the nanoparticle and polymer chain. The diffusion coefficient of the
lower molecular weight (68k & 173k) PS decreases in the presence of the soft
nanoparticles, while the diffusion coefficient of the highest molecular weight PS increases
in the presence of all nanoparticles studied.

Experimental Section
A series of bilayers were prepared on polished silicon wafers from each of three
matching pairs of deuterated polystyrene (dPS) and hydrogenated polystyrene (PS), with
number average molecular weights, Mn (g/mole), of 65,000/68,000, 178,000/173,000, and
525,000/535,000. The radii of gyration of these polymers are estimated to be 60, 157, and
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307 Å, respectively.125 Each polymer was purchased from Polymer Source and used
without further purification. To assemble the bilayers, the silicon wafers (2 inches in
diameter; 5 or 6 mm thick) were placed overnight in a “piranha” solution consisting of 3:1
sulfuric acid and concentrated (30%) hydrogen peroxide to remove any organic residue,
then rinsed with deionized water and dried under a stream of nitrogen gas. The wafers were
then placed in a UV/ozone cleaner for 15 minutes to remove any remaining organic
contaminants and to reform an oxide surface. A layer of PS was spin cast from 1-1.5 wt.
% toluene solutions creating a film that is about 100 nm, confirmed by laser ellipsometry,
on the 2-inch Si wafers. The dPS top layers were first spin cast onto silicon wafers (4 inches
in diameter; 1 mm thick), which were also cleaned with piranha solution and UV/ozone
treatment prior to the film deposition. The deposited dPS layers were then floated off the
Si wafer onto nanopure water. The floated film was subsequently picked up by the 2-inch
Si wafer that contained the protonated layer, creating the bilayer geometry. The bilayers
were all dried in a desiccator under vacuum for a minimum of three days. Before each
neutron reflectivity measurement, other than the as-cast samples, the samples were
annealed under vacuum at 150 °C for varying times. Immediately upon removal from the
vacuum oven, the samples were quenched to room temperature on a frozen aluminum
block, halting the interdiffusion process.
Specular reflectivity measurements were conducted in Oak Ridge National
Laboratory at the Spallation Neutron Source utilizing the liquids reflectometer, beam line
4B. All neutron reflectivity experiments were completed in air at room temperature. The
reflectivity data is plotted as a function of the momentum transfer vector perpendicular to
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the surface, 𝑞𝑧 , Equation (7) shows the relationship of 𝑞𝑧 to the angle of incidence (θ) and
the wavelength (𝜆) of the incident neutron.
𝑞𝑧 = (4𝜋⁄𝜆) 𝑠𝑖𝑛 𝜃

(7)

Like other forms of radiation, such as light and x-rays, the interaction of neutrons with
matter can be described by the laws of optics. Specifically, neutrons refract and reflect at
interfaces that differ in refractive index. To a good approximation the refractive index, n,
of a material for neutrons can be calculated by Equation 8,
𝑛 = 1 − 𝛿 + 𝑖𝛽

(8)

where the imaginary part, 𝛽, of the refractive index represents the neutron absorption,
which is usually insignificant and approximated to zero. The real part of the refractive
index, 𝛿, in the case of polymers is described by Equation 9,

𝛿=

𝑁𝐴 𝜌𝜆2 𝑏𝑚𝑜𝑛
2𝜋 𝑀𝑚𝑜𝑛

(9)

where 𝑁𝐴 represents Avogadro’s number, 𝜆 is the incident wavelength of radiation, 𝜌 is the
mass density of the monomer, 𝑏𝑚𝑜𝑛 is the scattering length of the monomer, and 𝑀𝑚𝑜𝑛 is
the molecular weight of the monomers. This illustrates that the refractive index of a
material to neutrons is controlled by the scattering length of the monomers, which is a
measure of how strongly nuclei scatter the incident neutron. Moreover, it is well known
that the neutron scattering length is isotope dependent.
Modeling and fitting of the reflectivity curves was completed using the analysis
package MOTOFIT in the IGOR Pro environment. The MOTOFIT procedure uses a slab53

model approach with the Abeles matrix method and a non-linear regression extension for
the roughness. More detailed discussions concerning the neutron reflectivity technique and
the MOTOFIT modeling package is available elsewhere.126–128 The validity of the fits were
checked by integrating the area under the scattering length density (SLD) profiles for a
given sample with the constraint that the areas do not vary by more than 8% for all
annealing times.
The glass transition temperatures of the neat 535k PS and the 535k PS
nanocomposites were determined by differential scanning calorimetry (DSC) using a TA
Instruments Q2000 DSC with the samples in hermetically sealed aluminum pans. The DSC
procedure included a temperature ramp from room temperature to 150 °C at 10 °C/minute,
which was repeated 4 times. Universal Analysis, software provided by TA Instruments,
analyzed the data to determine the glass transition temperatures of the samples.
The intramolecular cross-linked polystyrene nanoparticles used in our study were
synthesized by a nano-emulsion polymerization, the details of which can be found in
Holley et al.35 A list of pertinent physical characteristics of the nanoparticles in solution
are listed in Table 1. In summary, the size and shape of the nanoparticles are controlled by
varying the amount of the cross-linking agent divinylbenzene (DVB). The naming system
for the nanoparticles uses the prefix NP for nanoparticle and a numeric suffix that increases
with DVB loading, for instance nanoparticle 1 (NP1) has less DVB than nanoparticle 2
(NP2), etc.. NP1, NP2, NP3 and NP4 were characterized by small angle neutron scattering
in deuterated toluene with NP1, NP2 and NP3 being described as a crosslinked gel-like
core with a fuzzy less crosslinked interface that decreases in length and effective fuzziness
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Table 3 The nanoparticles are in order of increasing DVB mole % from NP1 being the
lowest (softest) and NP4 with the most (hardest). The values were determined from
SANS experiments for complete analysis in the report by Holley et al.35 [DVB] is mole %
of divinylbenzene used as the crosslinking agent, Rg is the radius of gyration for the
nanoparticles in solution and is the value used in the R g ratios. R P is the radius of the
particle defined as R P = R C + 2τsurf where R C represents the radius of the gel like core
radius of the particle and τsurf is the interfacial half-width of the fuzzy interface. The
τ
effective fuzziness is defined as μeff = Rsurf which quantifies the degree of fuzziness to
C

the particle size in direct correlation with the [DVB].
Sample
NP1
NP2
NP3
NP4

[DVB]
0.81
1.91
4.60
10.7

Rg [nm]
12.9
11.3
9.85
10.2

Rp [nm]
9.34
9.75
10.2
8.01

Rc [nm]
3.80
5.49
7.16
8.01

𝜏𝑠𝑢𝑟𝑓 [nm]
2.77±0.1
2.13±0.1
1.51±0.1
------------

𝜇𝑒𝑓𝑓
0.30
0.22
0.15
---------
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with increasing DVB concentration. Additionally, the homogeneously cross-linked gel-like
core increases in size with DVB concentration.35 The nanoparticle with the largest DVB
concentration, NP4, was described as a dendritic gel, an intramoleculary cross-linked
polystyrene chain lacking a homogeneous core structure or fuzzy interface.35 Surprisingly,
no correlation is observed between the Rg of the nanoparticle and DVB loading, only a
small variation in the Rg of the nanoparticle from 9.85 nm to 12.9 nm is found. Due to the
small variation in the Rg of the nanoparticle, the ratio of the PS Rg and the nanoparticle Rg
can be systematically varied by simply altering the molecular weight of the matrix PS.
Accordingly, the lowest molecular weight PS studied, 68k, has an Rg that is about half the
size of the nanoparticle Rg, the 173k PS has an Rg that is similar to that of the nanoparticles
and the highest molecular weight, 535k PS, has an Rg that is about triple that of the
nanoparticles.

Results
Figure 5 shows a representative set of reflectivity data for the 68k/NP4
nanocomposite, including the as-cast sample and the sample after annealing in vacuum at
150 °C for 1 minute and 4 minutes. The as-cast sample exhibits several distinct interference
fringes, which is indicative of a sharp interface between the two layers. After annealing the
samples, the once distinct fringes are less pronounced, which is the result of more diffuse
scattering at the broader polymer/polymer interface that is formed from the interdiffusion
of the two layers. Figure 6 shows the SLD profiles that result from the best model fits
(lines) to the reflectivity data shown in Figure 5. The SLD profile of the as-cast sample
exhibits a near vertical transition at the air/polymer interface, where the interfacial half
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Figure 5: Shows the reflectivity data (symbols) of the 68k NP4 nanocomposites
and best fits (lines). The data has been scaled for clarity.
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width of this interface is normalized to zero depth. A vertical transition is also observed at
the interface between the as-cast dPS layer and the supporting PS layer. The SLD profiles
of the annealed samples exhibit a broadening of the interfacial width between PS and dPS,
which is a direct result of the diffusion of the polymer chains between the interfaces.
In Figure 7, the volume fraction profile of the deuterated polystyrene is presented.
The volume fraction profile of the deuterated component is produced from the SLD profile
and Equation (10).129

𝜙𝐷 (𝑧) =

𝑆𝐿𝐷𝐷 − 𝑆𝐿𝐷(𝑧)𝐷∗
𝑆𝐿𝐷𝐷 + 𝑆𝐿𝐷𝐻

(10)

The volume fraction of the deuterated polystyrene at depth z in Equation (10) is represented
by 𝜙𝐷 (𝑧), 𝑆𝐿𝐷𝐷 denotes the scattering length density of the dPS, while 𝑆𝐿𝐷𝐻 denotes the
SLD of the PS and 𝑆𝐿𝐷(𝑧)𝐷∗ represents the SLD of the sample at depth z at a given
annealing time. This depth profile is then fit to the one-dimensional solution to Fick’s
second law, which is a function of the diffusion coefficient of PS in each sample.130
Equation 11 is the one-dimensional solution to Fick’s second law, where erf, t and h are
the error function, annealing time in seconds and the initial dPS thickness, respectively.

𝜙(𝑥) =

1
ℎ−𝑥
ℎ+𝑥
[𝑒𝑟𝑓 (
) + 𝑒𝑟𝑓 (
)]
2
√4𝐷𝑡
√4𝐷𝑡

(11)

The solid line in Figure 7 represents the fit of the depth profile of the nanocomposite
bilayer that consists of the 68K polystyrene and NP4 that has been annealed at 150 °C for
4 minutes to Equation 5.
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The diffusion coefficients of the neat PS and the PS in the nanocomposites,
determined by the protocol described above are plotted in Figure 8 as a function of polymer
molecular weight. The diffusion coefficients of the polystyrene in the 68k and 173k
composite samples are less than the diffusion coefficient of their respective neat PS, while
the diffusion coefficient of the 535k PS nanocomposites are greater than that of the neat
535k PS. Further examination of this data shows that the diffusion coefficients of the 68k
and 173k PS appear to group together based on the softness of the nanoparticle, that is the
diffusion coefficient of PS in the presence of NP1 and NP2 are similar, as are the diffusion
coefficient of PS in the presence of NP3 or NP4. This suggests that the impact the
nanoparticles have on the PS center-of-mass diffusion is dictated by the relative softness
of the nanoparticles. The largest decrease observed in the diffusion coefficient of the 68k
and 173k polymer chains are in the NP3 and NP4 nanocomposites, where the decrease is
an order of magnitude more than that observed in the NP1 and NP2 nanocomposites.
Examination of this decrease in the diffusion coefficients suggests that the linear PS in the
68k and 173k nanocomposites exhibit similar decreases in PS chain mobility as long as the
size of the polymer is less than or about the size of the nanoparticle. This is not true for the
535k molecular weight composites, which must have a different explanation for the
observed increase in diffusion.

Discussion
The homogeneous dispersion of nanoparticles throughout a polymer matrix is an
important parameter to understand and control in polymer nanocomposites, as the
aggregation of nanoparticles can be detrimental to the observed properties of the
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nanocomposite. From the well-known Gibb’s Free energy equation, shown in Equation 12,
𝛥𝐺𝑚 = 𝛥𝐻𝑚 − 𝑇𝛥𝑆𝑚

(12)

where Δ𝐺𝑚 represents the change in free energy of the system upon mixing, Δ𝐻𝑚 is the
change in the enthalpy of the system upon mixing and ΔS𝑚 is the change in the entropy of
mixing. The homogeneous mixing of two components is spontaneous, producing a welldispersed composite, when the free energy of mixing is less than zero that is when Δ𝐻𝑚 <
𝑇Δ𝑆𝑚 . We anticipate our system will be well dispersed because the enthalpic interactions
are negligible, due to the chemical similarity of the PS matrix and soft PS nanoparticles.35,59
Therefore, the entropy of mixing, Δ𝑆𝑚 , ultimately controls whether the nanoparticle and
polymer will spontaneously mix or separate. Moreover, the entropic force that results in
aggregation of nanoparticles is the attractive depletion of entropy force and occurs when
the solvent molecules or matrix polymer chains are forced from between two nanoparticles
creating an unbalanced osmotic pressure between the nanoparticles resulting in
nanoparticle aggregation.31,34,35,59,131 In our system, the matrix PS chains are thought to
penetrate the nanoparticle’s less crosslinked fuzzy corona and potentially the more
crosslinked nanoparticle core. This will result in a minimization of the depletion of entropy
force due to the increased interactions between the matrix and nanoparticle.35 In our
system, the enthalpic and entropic forces both favor mixing, therefore it is expected that
we have homogeneously dispersed nanoparticles throughout the bilayers. Unfortunately,
the dispersion of the soft PS nanoparticle in the linear PS matrix cannot be evaluated with
microscopy, due to the lack of electron density or refractive index contrast between the
matrix and nanoparticles.
63

To interpret these results, we first compare our results with the entropic barrier
model (EBM) that has successfully described the diffusion of polymer chains in polymer
nanocomposites and macromolecular diffusion in confined environments such as gels and
nanopores.25 In applying the EBM, the nanoparticles in polymer nanocomposites are
described as well-dispersed immobile nanoparticles with impenetrable hard cores, creating
confined spaces or bottlenecks that produce a reduction in polymer chain conformations,
due to the polymer coil needing to unravel in order to diffuse through the bottlenecks. By
applying the EBM several assumptions are made, including that the interparticle distance
(ID) is estimated to be a fixed log-normal distribution, that enthalpic interactions are
minimized, and lastly that the bottleneck created by the interparticle distance is short
enough to be dominated by the entropic barrier mechanism.28 Recently, the EBM was used
to describe a universal scaling relationship of polymer diffusion in PS nanocomposites with
PS grafted SiO2 and phenyl capped SiO2 nanoparticles.27 The universal scaling produces a
master curve, where the reduced diffusion coefficient of the polymer in the
𝐷

nanocomposites (𝐷 ) varied as a function of a confinement parameter, defined as a ratio
0

between the ID, Equation (13), where d and φNP are the diameter and volume fraction of
𝐼𝐷

the nanoparticles, respectively and the diameter of gyration (2Rg) of the polymer (2𝑅 ).
𝑔

𝐼𝐷 = 𝑑[(

2 1⁄
) 3 − 1]
𝜋𝜑𝑁𝑃

(13)

The master curve asymptotically approaches the neat polymer diffusion as the
confinement parameter increases, due to the relaxation of the confinement created by the
nanoparticles. Soft and hard nanoparticles were also found to fall on the same master curve
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described by the EBM.27 It is important to note that the definition of a soft nanoparticle in
these previous studies is not the same as we use throughout this report. Rather their softness
is controlled by the length of the grafted chains, increasing the ability of matrix chains to
penetrate the grafted polymer chains on the surface of the SiO2 nanoparticle but not the
core. Thus, in the previous reports the nanoparticle softness was controlled by increasing
or decreasing the molecular weight of grafted polymer chains to an impenetrable spherical
SiO2 nanoparticle (51 nm diameter) with the higher molecular weights producing softer
nanoparticles, unlike our nanoparticle softness, which was controlled by the DVB loading.
Our results are compared to the universal scaling master curve that is described by the
EBM, where the calculated ID and reduced diffusion coefficients for our samples are
plotted in Figure 9 along with a master curve that is estimated from Choi et al. As can be
seen in Figure 9, none of our reduced diffusion coefficients fall on the master curve.27
Inspection of Equation 13 and the results reported in Figure 9 demonstrate that
diffusion coefficients of the polystyrene chains in nanocomposites with soft nanoparticles
are much slower than nanoparticles in nanocomposites with hard nanoparticles. In fact, the
trends in our data do not follow the entropic barrier model at all.
According to the EBM, the 68k PS should have the least constrained motion while
the 535k PS chains should be the most constrained. Qualitatively, the 535k nanocomposites
should exhibit the largest decrease in the diffusion coefficient relative to the neat polymer.
Instead, all 535k nanocomposites exhibit an increase in the diffusion coefficient, as shown
in Figure 4. Similarly, the 68k nanocomposite samples should have the smallest reduction
in the diffusion coefficient. The 68k PS composites actually exhibit a larger reduction in
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the reduced diffusion coefficient than the 173k samples. Therefore, our results are contrary
to the predictions of the EBM, and must be controlled by different physics that are not
described by the EBM.
Diffusion of Polystyrene where Rg,polymer ≤ Rg,NP
To gain further insight into the PS diffusion with the addition of soft PS
nanoparticles, we compare our results to the current theories of polymer diffusion. The
molecular weight dependence of the diffusion coefficients for the neat 68k and 173k PS
and in the corresponding nanocomposites is shown in Figure 10. The diffusion coefficient’s
molecular weight dependence of the neat PS agrees well with the reptation model showing
a -1.99 power law dependence, also confirming the experimental technique as a method to
measure polymer diffusion coefficients. Interestingly, the MW dependence of the 68k and
173k nanocomposites do not show the same dependence as the neat samples, but exhibit a
weaker molecular weight dependence. The molecular weight dependencies of the linear
matrix PS diffusion coefficient in the 68k and 173k nanocomposites are M-1.28, M-0.97, M0.97

, and M-1.02 for the NP1, NP2, NP3 and NP4 samples, respectively. Interestingly, these

results are similar to the prediction of Rouse model (𝐷 ~ 𝑀−1 ), which is valid for
unentangled polymers. It is important to emphasize that 1 wt. % loading of nanoparticles
will not create a disentangled PS matrix, but these molecular weight dependencies do
suggest that the addition of nanoparticles may disrupt the entangled network of the matrix.
Additionally, a lower molecular weight dependence on the diffusion coefficient of a linear
polymer chain is also observed in analogous systems of star polymer/linear polymer
blends.132–134
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The 68k and 173k PS matrix is slowed by the interactions with the nanoparticle
along with the slowed diffusion of the nanoparticles themselves producing obstacles for
the polymer chain diffusion, resulting in a slowing down of the measured center of mass
diffusion of the matrix polymer chains. In the presence of soft polystyrene nanoparticles,
the diffusion coefficient of 68k and 173k PS is much slower than when in the presence of
hard nanoparticles. The reported diffusion coefficients of PS in the presence of 1 wt. %
hard SiO2 nanoparticles show a moderate decrease (1-3 times slower)27,28,30, while our
results with the soft PS nanoparticles show a PS diffusion coefficient decrease of an order
of magnitude or more. A significant difference between the hard nanoparticles and the soft
nanoparticles comes from the unique interactions the matrix chains can have with the soft
nanoparticles. In the presence of soft nanoparticles, the matrix chains have the ability to
penetrate the soft nanoparticles producing entanglements that are more long-lived than can
occur in the presence of hard nanoparticles, as these particular interactions are not possible
with hard nanoparticles that have impenetrable cores. The ability of the polymer to
penetrate the soft nanoparticles, thus, appears to be the primary rationale for the
observation of the significantly slower diffusion of the PS matrix chains near soft
nanoparticles.
The structure of the soft nanoparticle appears to provide a mechanism by which the
polymer physically interacts with the nanoparticle, such as the penetration of the polymer
chain into its corona or core. This is possible, because NP1 and NP2 can be described as
particles with a gel-like core and a fuzzy corona, with a coronal width of 5.5 nm and 4.3
nm, respectively.35 It is interesting that the coronal width of NP1 and NP2 is only slightly
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less than the Rg of the 68k (~6 nm) polymer chain and is nearly 1/3 of the Rg of the 173k
PS (~16 nm). This implies that about half of a 68k PS polymer chain or 1/6 of a 173k PS
chain could easily penetrate just the corona of the soft nanoparticle and potentially more
depending on the extent of core penetration, as illustrated in Figures 11 and 12. Ultimately,
it appears that the penetration of the matrix PS chains into the corona and core increases
the physical interactions between the 68k and 173k linear PS matrix and NP1 and NP2
nanoparticles.
On the other hand, NP3 and NP4 are characterized with a sharper interface than
NP1 and NP2, yet the observed diffusion coefficient decreases by more than an order of
magnitude more than that of the NP1 and NP2 nanocomposites. This increase in the
hindrance of chain motion in the presence of NP3 and NP4 could be the result of the much
slower motion of these nanoparticles, which are 3-4 orders of magnitude slower than that
of the matrix chains, as confirmed by other neutron reflectivity experiments discussed in
Chapter 4. Thus, the nanoparticle becomes a more permanent obstacle to the motion of the
matrix chains, especially those that have penetrated the nanoparticle’s core. The chains that
have penetrated the core must reptate through the permanent crosslinks in the
nanoparticles. Thus, the diffusion of the matrix chains is limited until it is released from
the nanoparticle confinements. This motion is analogous to polymer translocation in a
nanopore channel, which has also been shown to decrease the translocation time by an
order of magnitude.135
The discussion above assumes that interaction of the polymer chain with the
nanoparticle governs the diffusion of the polymer chain, and if this is true there should be
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Figure 11: Illustrates the relative sizes between the NP1 and NP2 core, fuzzy
corona to the 68k PS.
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Figure 12: Illustrates the relative sizes of the core and fuzzy corona of NP1 and NP2
to 173k PS.

72

a correlation between the amount of polymer chains that interacts with the nanoparticle and
the reported results. The matrix chains that physically interact with the nanoparticles can
be described as an interfacial layer around the nanoparticle, and the amount of the matrix
polymer that resides in this interfacial layer can be calculated by Equation 14.136 In
Equation 14 𝜙𝐼𝑃 and 𝜙𝑁𝑃 , represent the volume fraction of the matrix polymer that exists
in an interfacial layer around the nanoparticle and the volume fraction of the nanoparticle,
respectively.

𝜙𝐼𝑃 = 𝜙𝑁𝑃 ((

𝐷𝑖𝑛𝑡
+ 1)3 − 1)
𝑅𝑔,𝑁𝑃

(14)

The interfacial layer thickness, Dint, is reported to be between 1 and 2 times the radius of
gyration of the polymer matrix.137,138 Table 4 reports the volume percentage of the polymer
that is in contact with the polymer chain using these limits for the interfacial layer
thickness. These data show that the percentage of the 68k matrix PS that resides at the
periphery of the nanoparticles ranges from 2-10% additionally, the percentage of the matrix
polymer in the periphery increases with the size of the polymer chains. That is increasing
the molecular weight of the matrix polymer to 173k increases the percentage of the
interfacial polymer between 10-72% and the 535k matrix PS exhibit an interfacial polymer
percentage between 37-100%. This emphasizes how a low loading of 1 wt. % soft PS
nanoparticles produces a substantial change in the motion of the surrounding polymer, as
the percent of the matrix PS chains in contact with the nanoparticle is extensive. As more
of the 68k and 173k matrix PS is incorporated into the interfacial region, the effect that the
nanoparticles have on the diffusion increases. The results in Table 4 correlate well with the
observed decrease in the diffusion coefficients of the 68k and 173k PS nanocomposites.
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Table 4: The percentage of the matrix PS as calculated from Equation 14 that constitutes
the interfacial layer that is near the soft PS nanoparticle surface.
Percent (%) of matrix chains in contact with
nanoparticles
68k

173k

535k

1 Rg

2 Rg

1 Rg

2 Rg

1 Rg

2 Rg

NP1

2.12

6.11

9.90

39.5

37.6

100

NP2

2.56

7.65

12.6

53.0

50.3

100

NP3

3.13

9.77

16.5

72.4

68.8

100

NP4

2.97

9.17

15.4

66.8

63.5

100
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This data is therefore consistent with the interpretation that the interactions between the
matrix PS and nanoparticles are a primary cause of the slowed diffusion. In other words,
for the 68K and 173K samples, as more of the matrix PS chains interact with the
nanoparticles, the slower the observed diffusion.
Diffusion of Polystyrene where Rg,polymer > Rg,NP

The diffusion of the 535K PS chains in the presence of the soft nanoparticles
behaves completely different than the lower molecular weight PS chain, as the 535k PS
nanocomposite samples all show an increase in the diffusion coefficient relative to the neat
535k PS with the addition of the nanoparticle, as seen in Figure 8. A similar result has been
observed by Mackay et al. with similar but smaller PS nanoparticles.59 Their interpretation
of their viscosity results indicate that the PS nanoparticles do not contribute to the
hydrodynamics of the highly entangled linear PS molecules.59 Rather, there was a decrease
in viscosity that is not explained by the traditional Stokes-Einstein model. Initially a
disruption in the entanglements of the matrix PS chains resulting from the addition of the
nanoparticles was believed to be the cause for the decrease in viscosity. Further analysis of
the molecular weight dependence of the terminal viscosity and the plateau modulus from
rheology measurements showed that the entanglements of the polystyrene chains were not
modified by the presence of the soft nanoparticle. Rather an increase in the free volume
was observed, confirmed by measurement of the glass transition temperature (Tg).
Therefore, Mackay and coworkers interpreted the unique decrease in viscosity of the
polymer with the addition of the soft nanoparticles as due to conformational changes of the
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polymer in the proximity of the soft nanoparticle, as well as an increase in the free volume
with the addition of nanoparticles.59
Furthermore, the increase in the PS diffusion coefficient observed in all of the 535k
nanocomposite samples relative to the neat 535k sample could be explained similarly, by
an increase in the free volume suggesting the nanoparticles are plasticizing the polymer
matrix. An increase in free volume may result from the heterogeneous nature of the less
crosslinked interfacial ‘fuzz’ of the nanoparticles, which differs from the homogeneous
interfaces of grafted nanoparticles. To test whether the free volume of the nanocomposites
is greater than that of the neat polymer, the Tg of the nanocomposites and neat polymer was
determined by differential scanning calorimetry (DSC). The glass transition temperature
of the nanocomposites with a 1 wt. % loading of nanoparticles in a 535k PS matrix, and
the neat polymer, are shown in Figure 13, which shows the Tg as a function of the DVB
loading in the nanoparticles. The neat PS sample (0% DVB) exhibited a Tg of 105.9 °C and
all of the nanocomposites except NP4 (10.7 % DVB) displayed a T g that is greater than
that of the neat PS. An increase in the Tg is indicative of a decrease in free volume, thus
the DSC results of the nanocomposites with NP1, NP2 and NP3 signify that these
nanocomposites have less free volume than the neat polymer. Therefore, the increases in
the diffusion coefficient of PS in these nanocomposites cannot be explained by an increase
in free volume.
Further analysis shows a correlation between the amounts of interfacial fuzziness
on the nanoparticles and the direction and amount the Tg changes. NP1 has the least amount
of crosslinking and DVB loading, producing the largest corona and exhibits the highest Tg,
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suggesting the NP1 535k PS nanocomposite has the lowest free volume. The other
nanoparticles NP2 and NP3 also have higher glass transition temperatures than the neat PS
but lower than that of the NP1 composite, where the Tg of the NP2 and NP3 composites
decreases with a decrease in the size of the interfacial corona. On the other hand, NP4 does
not have a fuzzy interface and it is the only nanoparticle that produces a Tg that is lower
than the neat PS, where this decrease in Tg is consistent with an increase in the free volume.
The decrease in free volume could be related to the penetration of the matrix PS chains into
the crosslinked core of the soft PS nanoparticles, where the linear matrix chain penetrate
the least crosslinked nanoparticle, NP1, the most and the matrix chains do not appear to
penetrate NP4, the most crosslinked nanoparticle.
The results from the thermal characterization of the 535k PS nanocomposites with
NP1, NP2 and NP3 and 535k PS nanocomposites with NP4 require more than one
interpretation for the observed increases in the PS diffusion coefficients in the 535K
nanocomposites. The nanoparticle with a smooth interface, NP4, slightly plasticizes the
matrix polymer resulting in a decrease in the glass transition temperature, an increase in
the free volume and consequently an increase in the diffusion coefficient. NP4 is similar in
structure to the soft PS nanoparticles previously studied by Mackay et al. as both
nanoparticles are tightly crosslinked PS nanoparticles, both have relatively smooth
interfaces and the Rg of the nanoparticle is 1/3 that of the matrix polymer. Moreover, NP4
produces results that are similar to those in Mackay’s report, suggesting that the
explanation for the increase in diffusion coefficient observed in the 535k NP4
nanocomposite is similar to the one determined in Mackay’s report. Specifically, the
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addition of the NP4 nanoparticle produces a conformation change in the matrix polymer
chains, increasing the free volume, but without disrupting the entanglements.
However, this explanation is not consistent with the results of the 535K NP1, NP2,
or NP3 nanocomposites, as their DSC results are consistent with a decrease in the free
volume, due to the interpenetration of the matrix polymers into the nanoparticle core. A
possible explanation for the increase in the diffusion coefficient while a decrease in the
free volume is observed would be that the addition of the NP enables a constraint release
mechanism in the polymer diffusion. The constraint release mechanisms that are consistent
with the increase in diffusion observed in the 535k NP1, NP2, NP3 nanocomposite are tube
dilation and tube reorganization.
Tube dilation and tube reorganization occurs when the rapid motion of
entanglements produced by shorter chains move on a time scale that is faster than that of
the reptating polymer chain, allowing the entanglement to disappear before the reptating
polymer can move through it and thus modifying the structure of the tube.139,140 These two
constraint release mechanisms have been invoked to explain the dynamics of star/linear
polymer blends, which are separated into three time scales.132,139 At short time scales, the
motion of the long linear chains is dominated by Rouse modes and contour length
fluctuations. In the intermediate time range, the short-lived constraints that exist from
entanglements with the star polymers in references 132, 139 and 140 or the nanoparticle
corona in our studies may move, thus dilating the tube. The linear polymer can then explore
the larger tube. Furthermore, in reference 139, it appears that the arm retraction of the stars
enables constraint release at loadings below ~ 2%. During the longest time scales, the arms
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of the stars relax in the larger tube, coinciding with the constraint release of other stars.
Similar mechanisms to the tube dilation and reorganization mechanisms that occur in
star/linear polymer blends are likely to occur in our system as well, where the
heterogeneous interface of lightly crosslinked loops and chain ends produce a fuzzy corona
around the nanoparticles, analogous to a star with a high number of arms. This analogy
remains consistent upon examination of the impact of crosslink density in the nanoparticle
on the diffusion of the polymer chain. The number of chains ends in the nanoparticle corona
is inversely proportional to the DVB concentration, where a lower DVB concentration
produces a larger number of dangling chain ends, which is consistent with more constraint
release and faster linear polymer diffusion.
The Rg of the 535k polymer chains are 3 times larger than the Rg of the
nanoparticles, resulting in a significantly larger portion of the PS matrix interacting with
the nanoparticles, as seen in Table 4 and illustrated in Figure 14. The large size discrepancy
between the 535k PS chains and the nanoparticles allows a single PS chain to interact with
multiple nanoparticles, which leads to a larger percentage of the matrix polymer in the
interfacial layer of the nanoparticle. The interfacial layer around the soft nanoparticles will
have increased interactions with the fuzzy interface, thus increasing the amount of
constraint release experienced by the 535k PS chains. Furthermore, this explanation
emphasizes the importance of the relative sizes of the polymer chain to the nanoparticles
and the contribution to the observed properties.
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Figure 14: A representation of the 535k PS chain in the presence of NP1.
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Importance of the Rg, polymer/ Rg, NP ratio
The results presented in this work and previously reported experimental results
suggest that there is a size dependent transition in the physics of polymer chain diffusion
in the presence of nanoparticles.27,56,59,141 This transition occurs when a polymer chain is
two to three times larger than the nanoparticle, for instance when the 𝑅𝑔,𝑝𝑜𝑙𝑦𝑚𝑒𝑟 /𝑅𝑔,𝑁𝑃 <
2 the diffusion of the matrix polymer decreases with added nanoparticle, however when
the 𝑅𝑔,𝑝𝑜𝑙𝑦𝑚𝑒𝑟 /𝑅𝑔,𝑁𝑃 > 3 the diffusion of the matrix polymer increases with added
nanoparticle. This highlights a change in the physics that govern diffusion in polymer
nanocomposites when the polymer chain is 2-3 times larger than the nanoparticles. Most
studies of polymer diffusion in nanocomposites do not study linear polymer matrices that
are more than twice as large as the nanoparticle. For this reason, there are many reports
that do not capture the unexpected results that larger polymer chains exhibit an increase in
their diffusion coefficient while in the presence of small nanoparticles. When the Rg of the
polymer matrix is much greater (> 3 times) than that of the nanoparticle, limited reports
are available that monitor polymer chains dynamics. However, those that have been
presented show an increase in the diffusion coefficient of the polymer chain in the presence
of these smaller particles, as is observed in the reported results here. To better understand
the importance of the relative sizes of the NP and polymer on the diffusion coefficient of
polymers in nanocomposites, more studies are needed with polymer nanocomposites that
focus on samples that have 𝑅𝑔,𝑝𝑜𝑙𝑦𝑚𝑒𝑟 /𝑅𝑔,𝑁𝑃 ratios that are greater than two.
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Conclusion
We have reported the diffusion coefficients determined by neutron reflectivity for
three molecular weights of PS with and without the incorporation of soft PS nanoparticles.
As expected, the molecular weight dependence predicted by the Reptation
−2
model (𝐷𝑅𝑒𝑝𝑡𝑎𝑡𝑖𝑜𝑛 ∝ 𝑀𝑊
) describes the neat PS diffusion. Interestingly, a correlation

between the diffusion coefficients of the 68k and 173k PS chains and the crosslink density
of the nanoparticles was observed. Specifically, the nanocomposites with NP1 and NP2
have similar diffusion coefficients and the NP3 and NP4 nanocomposites have similar
diffusion coefficients. This indicates a transition in the effect of nanoparticle softness on
the polymer chain diffusion. To gain more insight into this correlation, more studies are
needed in the transition range of 1.81%-4.60% nominal crosslink density based on DVB
loading in the nanoparticles.
Additionally, when the Rg of the polymer is less than or approximately equal to that
of the nanoparticle, the diffusion of the PS chains are slower in a nanocomposite, but when
the matrix PS Rg is 3 times larger than that of the nanoparticle, the PS chain diffusion is
increased relative to that of the neat polymer. This result indicates the importance the
relative sizes of the polymer to the nanoparticle are to the physics that govern the polymer
diffusion in a nanocomposite. Furthermore, when the Rg of the polymer and nanoparticle
are nearly equivalent, as is the case in the 173k PS samples, the softer nanoparticles (NP1
& NP2) barely modify the diffusion of the polymer chain, signifying that the nanoparticles
behave similar to the linear polymer chains. This is a strong indication that a size dependent
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transition occurs from a nanoparticle behaving as a reinforcing particle to acting as a
plasticizer between the polymer/nanoparticle Rg ratio of 1 and 3.59
Finally, from our results, it is clear that the EBM does not describe the diffusion
mechanism of the PS chains in the presence of soft PS nanoparticles. Rather, the
mechanism by which the addition of the soft PS nanoparticles alters the diffusion of the
linear 535k PS matrices, appear to be best described by increasing the constraint release
mechanisms of tube dilation or tube reorganization. On the contrary, the effect of the
addition of NP4 to the 535k PS appears to be due to an increase in free volume as indicated
by a decrease in the glass transition temperature. Furthermore, the diffusion of the PS in
the nanocomposites with lower molecular weight PS exhibit a correlation between the
interfacial polymer percentage and the magnitude of the decrease observed in the diffusion
coefficients. This is a strong indication that the amount of polymer at the NP interface, the
interaction of the polymer and nanoparticle at that interface, and slow diffusivity of the
nanoparticles plays a significant role in governing the center-of-mass diffusion of the
matrix PS chains.
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CHAPTER 4:
A NOVEL METHOD TO DETERMINE THE TRACER DIFFUSION
COEFFICIENT OF SOFT NANOPARTICLES USING NEUTRON
REFLECTIVITY
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Introduction
Polymer nanocomposites are produced by dispersing nano-sized particles
homogeneously throughout a polymer matrix and have the potential to be next generation
materials with enhanced mechanical, electrical, and transport properties.142–147 In recent
publications, the diffusion of polymer chains in the presence of nanoparticles have been
the center of attention.27–30,56,148,149 Understanding the diffusion of polymers and
nanoparticles in polymer nanocomposites will increase the knowledge of polymer
nanocomposite long-term stability, processability, and molecular interactions.2,4,5,117
Current research in polymer nanocomposite dynamics has focused on the effect of
nanoparticles on the diffusion of the linear polymer chains, with the assumption that the
nanoparticles are stationary.27,28,124,148 Composites that assume the nanoparticles are
stationary employ nanoparticles that have hard impenetrable cores, such as inorganic silica
(SiO2) nanoparticles. For instance, the diffusion of polymer chains in nanocomposites have
been determined for polymer nanocomposites that are composed of SiO2 nanoparticles in
a matrix of poly(methyl methacrylate) and polystyrene as well as SiO2 nanoparticles
grafted with polystyrene in a polystyrene matrix. All were shown to scale with a constraint
parameter that is the ratio of the interparticle distance and two times the radius of gyration
of the polymer.27–29,56 The interparticle distances in the nanocomposites are controlled by
the size and loading of the nanoparticles. The interparticle distances created by the
nanoparticles can be thought of as bottlenecks. In order for the polymer chains to diffuse
through the bottlenecks the polymer chains must unravel, ultimately decreasing the entropy
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of the polymer chain. This type of diffusive mechanism is described well by the entropic
barrier model.25
The diffusion of nanoparticles in polymer nanocomposite is much less studied,
primarily because determining the dynamics of nanoparticles in a polymer matrix is a
challenge due to their slow motion relative to the polymer chain and difficulty in tuning
the contrast between nanoparticle and matrix. We therefore sought to develop a method to
determine the diffusion coefficient of soft organic nanoparticles, which has not been
studied extensively. Moreover, results presented in Chapter 3 imply that the soft
nanoparticles are mobile in polymer nanocomposites as well as other interesting
correlations that need more attention. Here we report the development of a protocol to
determine the tracer diffusion coefficient of soft polystyrene nanoparticles in a polymer
matrix using neutron reflectivity. The reported results show that the soft nanoparticles are
not stationary, as is assumed with inorganic-based nanoparticles. This result is consistent
with the results reported in Chapter 3, which indicate that there is an increased complexity
in the physics governing diffusion. Furthermore, we show that the mutual diffusion of the
nanoparticle and polymer in a polymer nanocomposite with mobile nanoparticles is
described by the slow mode theory of diffusion.

Experimental
A series of bilayer samples were prepared on polished silicon wafers, where each
sample is composed of deuterated polystyrene (dPS) as the top layer and each nanoparticle
as the bottom layer. The dPS with a number average molecular weight of 535,000 g/mole
(1.09 PDI) was purchased from Polymer Source and used without further purification. The
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silicon wafers (2 inches in diameter; 5 or 6 mm thick) were first placed in a ‘piranha’
solution, which consists of 3:1 sulfuric acid: (30%) hydrogen peroxide and removes any
organic residue. The silicon wafers were then rinsed with deionized water and dried under
a stream of nitrogen gas. The silicon wafers were then placed in an ultraviolet light/ozone
cleaner for 15 minutes further removing organic contaminants and reproducibly reforming
an oxide surface.
Layers of the nanoparticles were spin cast from toluene solutions with weight
percentages that range from 1 wt. % to 1.5 wt. % relative to the solvent onto 2-inch wide,
6 mm thick silicon wafers. The dPS top layers were then spin cast onto separate silicon
wafers (4 inches in diameter; 1 mm thick), which were also treated with the piranha solution
and UV/ozone cleaner as previously described, and then floated off of the silicon wafers
onto nanopure water. The floated dPS layers were then picked up by the protonated
nanoparticle layers, creating a bilayer. The bilayers were dried in a desiccator under
vacuum for a minimum of three days. Before each neutron reflectivity measurement, other
than the as cast samples, the samples were annealed under vacuum at 150 °C for varying
times. Immediately, after annealing the samples were quenched to room temperature on a
frozen aluminum block, halting the interdiffusion process.
The specular reflectivity measurements were conducted at the Spallation Neutron
Source in the Oak Ridge National Laboratory utilizing the liquids reflectometer, beam line
4B and the National Institute of Standards and Technology Center for Neutron Research
utilizing the Polarized Beam Reflectometer. All reflectivity experiments were conducted
in air and at room temperature. The reflectivity is plotted as a function of the momentum
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transfer vector perpendicular to the surface, 𝑞𝑧, where θ is the angle of incidence and 𝜆 is
the wavelength of the incident neutrons.
𝑞𝑧 = (4𝜋⁄𝜆) sin 𝜃

(15)

Modeling of the reflectivity curves was completed using the analysis package MOTOFIT
in the IGOR Pro environment. The MOTOFIT procedure uses a slab-model approach with
the Abeles matrix method and a non-linear regression extension for the roughness. More
detailed discussions concerning the neutron reflectivity technique and the MOTOFIT
modeling package is available elsewhere.126–128
The soft polystyrene nanoparticles were synthesized by a nano-emulsion technique,
which the styrene was allowed to polymerize in the oil phase before divinylbenzene, DVB,
was added to the emulsion as a crosslinking agent.35 The DVB locks the polymer chain
into a nanoparticle-like conformation. For each nanoparticle, a different amount of DVB
was added to the emulsion that is 0.80 mol % for NP1, 1.91 mol % in NP2 and 4.60 mol
% in NP3, this is also the order of increasing ‘hardness’. Interestingly, the increasing
amounts of DVB only decrease the radius of gyration of the nanoparticles by 3 nanometers
from 12.9 nm for NP1, to 11.3 nm for NP2 and 9.85 nm for NP3. The morphology of the
particles is best described as micro-gel with cross-links from the DVB distributed
homogeneously producing a distinct core with a fuzzy interfacial layer consisting of
dangling free chains ends and loops.35
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Results and Discussion
The first set of experiments served as proof-of-principle to verify the diffusion of
the nanoparticle into the polystyrene matrix. Figure 15 shows the neutron reflectivity of
the dPS/NP1 bilayer as cast and after it has been annealed for ~10 hours at 150 °C. The ascast data has distinct fringes indicating a sharp interface between the bottom (NP1) and top
(linear dPS) layers. After nearly 10 hours of annealing the samples at 150 °C in vacuum,
the fringes all but disappear, a distinct trait indicating that the two layers are diffusing into
each other. The scattering length density (SLD) profiles of the best fits to the data in Figure
15 are shown in Figure 16, where the sharp interface between the layers in the as-cast
sample is depicted by a vertical transition around 1000 Å.
These experiments were extended to monitor the change in the density profile of
the dPS/nanoparticle bilayers for all nanoparticles as a function of annealing time at 150
°C. In these experiments, all of the nanoparticles diffused into the dPS layer, except NP4,
where no change in the depth profile is observed. Therefore, in these experiments the
diffusion coefficients of NP1, NP2 and NP3 have been determined. We presume that the
reason NP4 does not diffuse in these experiments is that the annealing temperature is below
the glass transition temperature (Tg) of NP4. The Tg of this nanoparticle was not found in
the initial characterization of the nanoparticles by Holley et al,35 where the samples were
studied up to 160 °C.
The interdiffusion of the two layers consists of the mutual diffusion of the
nanoparticles diffusing into the linear polymer and vice versa. The mutual diffusion
coefficient, 𝐷𝑚 , is extracted by fitting the density profile of the bilayer after annealing at
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Figure 15: The reflectivity data for the NP1 dPS bilayer is representative of all samples
and the data has been scaled for clarity.
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Figure 16: The scattering length density profile from the best fits of the reflectivity data
in Figure 15. The air/top layer interface is centered at zero depth.
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time, t, to the one-dimensional solution to Fick’s second law of diffusion, shown in
Equation 16.123
𝜙𝑑 (𝑧) =

1
ℎ−𝑧
ℎ+𝑧
𝑐0 [erf (
) + erf (
)]
2
√4𝐷𝑚 𝑡
√4𝐷𝑚 𝑡

(16)

The equation is a double error function, erf, with t and h are the annealing time in seconds
and the initial dPS thickness in centimeters. Fitting this equation to the dPS density profile
provides the diffusion coefficient in the units

𝑐𝑚2
𝑠

. The density profile of the deuterated

material, 𝜙𝑑 (𝑧) are determined from the scattering length density profile that results from
fitting the reflectivity data, SLDm(z), using Equation 17.
𝜙𝑑 (𝑧) = 1 −

𝑆𝐿𝐷𝑑 − 𝑆𝐿𝐷𝑚 (𝑧)
𝑆𝐿𝐷𝑑 − 𝑆𝐿𝐷𝐻

(17)

In Equation 17, the subscript d stands for the deuterated PS, while the subscript H denotes
the protonated nanoparticle and the subscript m represents the SLD of the sample. Figures
17, 18, and 19 illustrate the change in the volume fraction profiles of the NP1, NP2 and
NP3 bilayers, respectively, as a function of annealing time. All three as-cast samples
exhibit a nearly vertical transition between layers indicative of a smooth interface. After
each annealing time, the interface between the two layers becomes more diffuse for each
bilayer, which translates to a broader transition between the layers because of the
interdiffusion of the dPS and the nanoparticle. The extracted mutual diffusion coefficients
after the longest annealing time from the fits of the volume fractions profiles have been
collected in Table 5.
The mutual diffusion coefficient in this system encompasses the rate of motion of
the dPS into the NP layer and the rate of diffusion of the NP into the dPS layer. In Fick’s
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Figure 17: Volume fraction profile for NP1
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Figure 18: Volume fraction profile for NP2
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Figure 19: Volume fraction profile for NP3
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Table 5: The collection of the mutual diffusion coefficients extracted from the double
error function solution to Fick’s second law and the fast and slow-mode tracer diffusion
coefficients for the longest annealing time of the soft polystyrene nanoparticles.
−𝟏𝟔
𝟐 −𝟏
𝑫𝒎 (𝑿 𝟏𝟎−𝟏𝟕 )𝒄𝒎𝟐 𝒔−𝟏 𝑫𝒕,𝒔𝒍𝒐𝒘 (𝑿 𝟏𝟎−𝟏𝟖 )𝒄𝒎𝟐 𝒔−𝟏 𝑫𝒕,𝒇𝒂𝒔𝒕 (𝑿 𝟏𝟎 )𝒄𝒎 𝒔

NP1

1.35

5.56

-4.58

NP2

1.81

7.31

-4.33

NP3

4.05

12.9

-2.66
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law of diffusion, Equation 18, the mutual diffusion coefficient is defined as the
proportionality between the flux, 𝐽𝑖 , and gradient in concentration, ∆𝑐𝑖 , or volume fraction.
−𝐽𝑖 ∆𝑐𝑖 = 𝐷𝑀

(18)

The mutual diffusion coefficients can be described in terms of the Flory-Huggins
interaction parameter, the Onsager transfer coefficient 𝐷𝑇 , and volume fractions ϕi as
shown in Equation 19.150–152
𝐷𝑀 = 2(𝜒𝑠 − 𝜒)𝜙1 𝜙2 𝐷𝑇

(19)

The segment-segment interaction parameter 𝜒 is zero in our athermal system due to the
matrix and nanoparticles being chemically similar and the interaction parameter at the
spinodal 𝜒𝑠 is estimated by Equation 20.150
1 1
1
𝜒𝑠 = (
+
)
2 𝜙1 𝑁1 𝜙2 𝑁2

(20)

In order to obtain the contribution of the motion of each component to the experimentally
determined mutual diffusion coefficients, these were analyzed with the fast and slow mode
diffusion theories. The fast mode theory describes the relationship between 𝐷𝑇 and the
tracer diffusion coefficients of the individual components shown in Equation 21.153,154
𝐷𝑇 = 𝜙𝑁𝑃 𝐷𝑃𝑆 𝑁𝑃𝑆 + 𝜙𝑃𝑆 𝐷𝑁𝑃 𝑁𝑁𝑃.

(21)

The subscripts PS and NP denote the property of the linear polystyrene chain and
nanoparticles, respectively, and 𝐷𝑖 denotes the tracer diffusion coefficient of component i.
The volume fraction 𝜙𝑖 for each component is set to 0.5 because this is the composition at
the inflection point of the slope in the volume fraction profiles. N represents the degree of
polymerization of the components, where the molecular weights of the nanoparticles are
reported by Holley et al.35 After substituting Equations 19 and 20 in for 𝐷𝑇 and using the
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known value of DPS from previous experiments, all variables are known in this equation
except the tracer diffusion coefficient of the nanoparticle, DNP.
The fast mode theory, also referred to as the ‘vacancy model’, is most often used
for lower molecular weight systems, where the faster diffusing component controls the
overall diffusion of the system.155 The slow mode theory, on the other hand, is most
appropriate for higher molecular weight systems, which are controlled by the slowest
diffusing component in the polymeric system and is applicable to incompressible binary
mixtures.155 When the experimentally determined mutual diffusion coefficients were
analyzed using the fast mode theory, the analysis results in negative tracer diffusion
coefficients of the nanoparticles, as listed in Table 5. Therefore, the fast mode theory does
not describe the diffusive behavior of this system because a negative diffusion coefficient
is not physically realistic. We therefore turned to the slow mode theory, as described by
Equation 22, where the variables are the same as in Equation 21.154
1
𝜙𝑁𝑃
𝜙𝑃𝑆
=
+
𝐷𝑇 𝐷𝑃𝑆 𝑁𝑃𝑆 𝐷𝑁𝑃 𝑁𝑁𝑃

(22)

The results of analyzing the data with the slow mode theory analysis are presented in Figure
20, which plots the tracer diffusion coefficient of the nanoparticle as a function of annealing
time, where DNP for the longest annealing times are shown in Table 5. The tracer diffusion
coefficients for NP1 and NP2 in Figure 20 can be observed to be at the beginning of a
plateau region, while the longest annealing time for NP3 has not reached this plateau
region. Although the plateau region has not been fully reached, qualitative insights may be
gained from this data, while further experiments that will extend these results into the
plateau region are ongoing. The plateau region is important in obtaining the correct tracer
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Figure 20: The tracer diffusion coefficient for NP1, NP2 and NP3 plotted as a function
of annealing time.
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diffusion coefficients as it represents the center of mass diffusion of the nanoparticle, while
the earlier relaxations occur due to initial sample geometry or preparation.
The results from the slow mode analysis provide a more realistic value for the tracer
diffusion coefficient of the nanoparticle than the fast mode theory. The tracer diffusion
coefficients of the nanoparticles that derive from the application of the slow mode theory
are reasonably close to the mutual diffusion coefficient, affirming that the mutual diffusion
is controlled by the slow nanoparticle diffusion.
It can be seen in Table 5 that the tracer diffusion coefficient for longest annealing
times increases with DVB loading. We sought to gain more insight in this trend by
comparing the tracer diffusion coefficient of the soft nanoparticles NP1 and NP2 to that of
a linear polymer with the same molecular weight as the nanoparticles. This comparison
provides insight into the role of nanoparticle structure and ‘softness’ on its center of mass
diffusion. Thus, we have calculated the ratio of the diffusion coefficient of a linear chain
with the same molecular weight to that of the soft nanoparticles. This quantity is plotted in
Figure 21 for NP1 and NP2 after 60 minutes of annealing in vacuum at 150 °C. NP1 is the
softest and results in a tracer diffusion coefficient that is 58 times slower than its linear
analogue, while doubling the DVB, to produce NP2, results in a diffusion coefficient that
is 40 times slower than a linear chain of equal molecular weight. The results suggest that
the diffusion of the nanoparticles becomes more similar to that of a linear PS chain when
the crosslink density is increased in the nanoparticle. A possible explanation for this
behavior is that the interfacial layer on the nanoparticles becomes sharper with an increase
in crosslink density, or the ‘fuzz’ on the nanoparticles becomes shorter. This suggests that
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the cooperative motion of the nanoparticle mimics that of a linear polymer chain due to the
presence of fewer entanglement-like interactions between the NP and the linear PS matrix.

Conclusion
We have described a method to determine the tracer diffusion coefficient of soft
polystyrene nanoparticles using neutron reflectivity by monitoring the interdiffusion of a
nanoparticle layer and linear deuterated PS layer. By modeling the interdiffusion of the two
layers with the one-dimensional solution to Fick’s second law of diffusion, the mutual
diffusion coefficient of the NP and dPS is extracted. This mutual diffusion coefficient was
then separated into the contributions of the diffusion of the individual components, which
is accomplished by analyzing the mutual diffusion results with the fast and slow mode
theories of diffusion.
Ultimately, our results show that the slow mode diffusion theory describes the
diffusion of a nanoparticle into a linear polymer matrix. These results also emphasize that
the soft polystyrene nanoparticles are not stationary, though the center of mass motion of
the nanoparticle is an order of magnitude slower than that of the linear polystyrene.
Analysis of the nanoparticle’s tracer diffusion coefficients shows that increasing
the DVB content or crosslink density in the nanoparticle translates to a nanoparticle
diffusion coefficient that is closer to a linear polymer chain of the same molecular weight.
One possible explanation for this observation is that the ‘fuzz’ of the nanoparticles
decreases in length, suggesting that nanoparticle diffusion is significantly affected by its
surface.
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CHAPTER 5:
THE IMPACT OF POLY(ETHYLENE OXIDE) ON THE ASSEMBLY
OF LIGNIN IN SOLUTION
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Introduction
Carbon fibers are strong and lightweight with moduli that are higher than steel at a
fraction of the weight.66,79 Carbon fibers are important materials in many industries, where
they are produced in different grades, including their use in spacecraft, aircraft, sports
equipment and automobiles.61 Each use of carbon fiber requires precise specifications and
consequently has varying production costs. For instance, the high performance carbon
fibers used in spacecraft are $80/pound while the more general-purpose automotive
industry carbon fiber is only $5-7 per pound.63 Highlighting one use of carbon fibers, the
incorporation of carbon fibers in automobiles can result in a mechanically stronger vehicle
that can better withstand impacts. This provides a lighter vehicle that is safer for the
occupants, and requires less fuel.63,156
Carbon fibers are currently produced by melt or wet-spinning fibers from
polyacrylonitrile or mesophase petroleum pitch.63 Unfortunately, petroleum based
precursors of carbon fiber are the largest contributor to the high cost, thus hindering
industrial growth for their use. Therefore, research into low cost precursors for carbon
fibers has become an interest to many organizations. One possible precursor for carbon
fiber production that would be a more cost-effective starting material, and thus is gaining
significant attention, is the renewable biopolymer lignin.72
Lignin is the second most abundant biopolymer on Earth comprising 15-30% of
biomass and one-third of the organic carbon, exceeded only by cellulose.64–68,157,158 The
paper industry produces millions of tons of lignin per year but considers lignin a waste
product.68,72,75 A common utilization of the waste lignin is for heating pulp as a low value
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fuel in the papermaking processes.68 However, in recent years, there has been increased
interest in developing value added applications for lignin, such as carbon fiber. In order to
design fabrication processes rationally that will produce a fiber meeting industrial
specifications, a more complete understanding of the molecular assembly of the lignin
during the multiple steps of carbon fiber formation is needed.
A common description of lignin is a random, complex, irregular, amorphous,
hydrophobic, heterogeneous, three-dimensional, branched or cross-linked network that is
comprised of three monolignols monomers, coniferyl alcohol, sinapyl alcohol, and pcourmaryl alcohol.157 Moreover, the specific molecular structure of lignin varies depending
on the method of separation and the original plant source.156 In our study, we utilize lignin
from three plant sources, softwoods (SW), hardwoods (HW), and annual grasses (Cimv),
where each lignin has different ratios of the three monolignols monomers, as illustrated in
Figure 22. Hardwood lignin consists of a majority of sinapyl and coniferyl alcohols with
only traces of p-courmaryl alcohol, while SW lignin is predominately coniferyl alcohol and
Cimv lignin has a majority of p-courmaryl alcohol.64 The monolignols differ in the number
of methoxy functional groups, where the number of methoxy groups can be correlated to
the network structure of the lignin because oxidative coupling occurs at the phenolic
hydroxyl group.64,66,159 Therefore, a higher amount of methoxy content in HW lignin
produces a less branched structure with the least amount of chemical crosslinks due to the
steric hindrance of the methoxy groups, while the SW lignin has an intermediate amount
of methoxy groups resulting in a more branched structure than the HW.66,157 Lignin from
Cimv are mainly comprised of p-courmaryl alcohol, which has no methoxy groups creating
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Figure 22: Illustrates the chemical structure of the three monolignols that make
up lignin. The annual grasses are mostly comprised of (A) p-courmaryl alcohol,
softwood has a majority of (B) coniferyl alcohol and hardwood sources consist
of mainly (C) sinapyl alcohol.
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a highly cross-linked and branched structure. The varying molecular structures of the
lignins from the different sources will therefore complicate the rational design and control
of the use of lignins in value added applications.
Furthermore, it has been reported that blending synthetic polymers such as
poly(ethylene terephthalate) (PET), poly(vinyl acetate) (PVA), polypropylene (PP), or
poly(ethylene oxide) (PEO) with lignin in solution before spinning fibers improves the
spinning performance and fiber handling during subsequent carbon fiber processing
steps.63,66,67,73 Studies on the carbon fibers formed from lignin blended with these synthetic
polymers have also shown a range of mechanical and thermal properties as well as
improved processability. The inclusion of poly(ethylene oxide) (PEO) in the lignin has
been shown to dramatically improve fiber stability and spinning ability73, therefore PEOlignin blends are the focus of this report.
The thermal properties of fibers formed from lignin blended with PEO show a
decrease in the glass transition temperature as well as a single glass transition temperature,
indicating the PEO is miscible with lignin.66 Further analysis of PEO-lignin blends indicate
a strong hydrogen bonding between the two components, explaining the miscibility and
homogeneous structures of the blends. In the production of carbon fibers, lignin and PEO
are blended in solution before being precipitated into pellets, which are subsequently melt
spun into a precursor carbon fiber. The precursor fiber is then thermally treated to stabilize
and carbonize the material, producing the final carbon fiber. The self-assembly of the
components in solution prior to spinning clearly has an intimate effect on the final
structures of the fiber and its strength, as well as its processability. Until now, the structure
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of PEO-lignin blends while in solution, to the best of our knowledge, has not been studied.
In this report, we utilize small-angle neutron scattering to investigate the impact of PEO
on the structure of the three different lignins and their self-assembly in solution.

Experimental Section
Materials.
The assembly of three lignins was studied in this work, Kraft processed softwood
(SW) lignin, organosolv extracted hardwood (HW) lignin, and acid extracted lignin from
wheat straw (Cimv). The deuterated solvent d6-dimethyl sulfoxide (DMSO) was purchased
from Sigma-Aldrich and the 17,000 g/mole deuterated poly(ethylene oxide) was purchased
from Polymer Source. All materials were used without further purification. The samples
were prepared by dissolving 10 weight percent (wt. %) of the lignin relative to the solvent
DMSO. These samples are labeled HW10, SW10 and Cimv10 respectively. The PEO was
added to the lignin solutions at 10 and 20 wt. % relative to the lignin in solution,
subsequently labeled with the suffixes PEO10 and PEO20.
Small angle neutron scattering (SANS) experiments were completed on the CG-2
General Purpose SANS, CG-3 Bio-SANS at Oak Ridge National Laboratory (ORNL) and
NG7 30m SANS instrument at the National Institute for Standards and Technology (NIST).
The data were collected at three different instrument configurations to determine the
scattering of the solutions over a q range of 0.003 – 0.7 Å-1. The momentum transfer vector
is given by q=4πsin (θ)/λ, where θ is the angle of incidence, and the λ is the neutron
wavelength. Data reduction was carried out using computer packages developed at ORNL
or NIST. The scattering from background, empty cell and deuterated DMSO solvent were
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subtracted from the scattering of the sample data. The reduced SANS data were analyzed
using SANS software packages developed at NCNR NIST in the IGOR Pro platform. In
these analyses, the scattering length density (SLD) values of 1.26 × 10-6 Å-2 for lignin and
5.28×10-6 Å-2 for deuterated DMSO were used as initial parameters during data analysis.
The low q data of the HW and SW samples were analyzed by Guinier analysis while
the high-q range was analyzed with a cylinder form factor. The Guinier analysis yields the
radius of gyration Rg of the scattering particles without assuming any specific shape and is
calculated from the initial slope, which is equal to

2
𝑅𝑔

3

, in a plot of ln(𝐼) as a function of 𝑞 2

at low-q as shown in the Equation 23.160
𝑞 2 𝑅𝑔2
𝑙𝑛(𝐼(𝑞)) = 𝑙𝑛(𝐼0 ) −
3

(23)

Analysis of the high-q scattering relies on the fact that the scattering intensity per unit
volume 𝐼(𝑞) is equal to the volume fraction, 𝜑, multiplied by the form factor, 𝑃(𝑞) with
the addition of an incoherent scattered background, shown in Equation 24.
𝐼(𝑞) = 𝜑𝑃(𝑞) + 𝑏𝑘𝑔𝑑

(24)

The cylinder form factor, 𝑃(𝑞), fit the high-q region of the experimental data well and is
described by the following Equations 25-28.
𝜋⁄
2

𝜑
𝑃(𝑞) =
∫ 𝑓 2 (𝑞, 𝛼) 𝑠𝑖𝑛(𝛼)𝑑𝛼
𝑉𝑐𝑦𝑙

(25)

0

𝑓(𝑞, 𝛼) = 2(𝜌𝑐𝑦𝑙 − 𝜌𝑠𝑜𝑙𝑣 )𝑉𝑐𝑦𝑙 𝑗0 (𝑞𝐻𝑐𝑜𝑠(𝛼))

𝐽1 (𝑞𝑟𝑠𝑖𝑛(𝛼))
𝑞𝑟𝑠𝑖𝑛(𝛼)

(26)
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𝑉𝑐𝑦𝑙 = 𝜋𝑟 2 𝐿
𝑗0 (𝑥) =

sin(𝑥)
𝑥

(27)
(28)

In the Equations 25-28, the integral, in Equation 25, with respect to 𝛼 averages all
orientations of the cylinder with respect to q. 𝑉𝑐𝑦𝑙 is the volume of the cylinder, 𝐽1 (𝑥) is
the first order Bessel function, 𝛼 is the angle between cylinder axis and the scattering vector
q, H equals half of the length of the cylinder, and 𝜌𝑐𝑦𝑙 and 𝜌𝑠𝑜𝑙 are the SLDs of the
cylindrical scattering object and the solvent surrounding the cylinder.
The scattering data of the Cimv samples over the full q range were best fit by the
multi-level (2) unified exponential/power law model (Beaucage model) which is a
combination of Guinier and Power law form factors, developed by Beaucage et al.161 The
two level Beaucage model, shown in Equation 29, unifies the Guinier and Porod regions
and provides sizes of two related structural features.
𝑞𝑅𝑔,𝑖 3𝑃
𝐵𝑖 [erf(
)] 𝑖
2
𝑅
𝑔,𝑖
√6
𝐼(𝑞) = ∑ 𝐺𝑖 exp(−𝑞 2
)+
3
𝑞 𝑃𝑖
2

(29)

𝑖=1

The prefactors 𝐺𝑖 and 𝐵𝑖 are scaling factors for the Guinier and Porod regions, respectively,
and the Porod exponent is represented by P. The subscript 𝑖 = 1 represents the largest size
structural level and the smallest size scale corresponds to 𝑖 = 2, while the value of the
Porod exponent yields information on the fractal nature of the scattering objects over these
length scales.
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Results
The curves from the small angle neutron scattering (SANS) of the lignin solutions
from the three sources, HW, SW and Cimv, in DMSO are shown in Figure 23 and clearly
exhibit different scattering patterns, a consequence of different sized and shaped structures.
The HW and SW samples display a noticeable upturn in the low-q region of the scattering
curve and a leveling off in the mid-q region, while the Cimv samples exhibit a continuous
increase throughout the q-range studied. The increase in intensity at the low-q region
signifies the presence of larger scattering objects such as lignin aggregates. The nearly
perfect overlap in the highest-q (q > 0.1 Å-1) region of the scattering curves of the HW and
SW samples with and without PEO indicates that the smallest size structural features that
make up the aggregates are not significantly disrupted by the addition of the PEO in either
sample. The addition of 10 wt. % loading PEO to the Cimv solution, on the other hand,
results in a clear deviation in the scattering in the high-q region, indicating that,
qualitatively, the building blocks of the larger Cimv lignin aggregates are altered with the
addition of PEO.
The different scattering patterns of the Cimv relative to the HW and SW lignin
require a separate analysis to gain insight into the structures that are responsible for the
SANS curves, thus a separate discussion of the Cimv results is presented after the SW and
HW discussion. For the SW and HW lignin solutions, a Guinier analysis was performed in
the low-q region to determine the radius of gyration (Rg) of the lignin aggregates. The exact
values extracted from these analyses are collected in Table 6 for the HW and SW lignin
solutions. The results from the Guinier analysis of the HW samples illustrate that the
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Figure 23: The fits of the SANS curves of the HW and SW lignin to the cylindrical form factor.
The symbols represent the data and the line is the fit extrapolated to the axis.
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Table 6: The results of the Guinier analysis and the cylinder form factor fitting of the HW
and SW lignin with and without PEO.
Radius of Gyration (Å) Cylinder Length (Å) Cylinder Radius (Å)
HW10

545

55

6.5

HW10PEO10

545

196

6.7

HW10PEO20

541

1355

6.0

SW10

632

63

7.0

SW10PEO10

522

200

9.0

SW10PEO20

488

244

12.3
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samples aggregate into a structure with an Rg of 54 nm. The constant Rg of the HW samples
with and without PEO is likely due to the higher amount of methoxy groups in the lignin
structure that produce a less branched structure, limiting the interference of PEO in the
lignin self-assembly.66 The Guinier analysis for the SW samples show an Rg for the pure
lignin solution of 63.2 nm, a decrease in Rg to 53.2 nm with 10 wt. % PEO loading and a
further decrease of Rg to 48.8 nm at 20 wt. % PEO loading. Further inspection of the SW
results indicates that the Rg of the SW lignin does not linearly decrease with the addition
of PEO. The Rg of the SW lignin in solution with 10 wt. % PEO loading decreases by 17%,
while its Rg decreases an additional 5% with 20% PEO loading for a 23 % total decrease.
The significant decrease in the impact of the PEO from the 10 wt. % to 20 wt. % loading
in the SW lignin suggests there is an optimal loading of PEO that effects the global size of
the lignin aggregate. The variation in the impact of the presence of PEO on the Rg in the
HW lignin and SW lignin likely results from the different structures of the monolignols
that is inherent in the different lignins. The more highly branched structure of the SW lignin
has less methoxy groups than HW lignin, which appears to allow the PEO to penetrate the
aggregates and shield the physical interactions between lignin molecules more readily than
in the HW lignin.
To gain insight into the structural building blocks that form the aggregates of the
HW and SW lignins, the high-q region of the SANS curves were fit to a cylinder form
factor, where the fits are shown in Figure 24 and the results of the fits are compiled in Table
6. The cylinder model fits the data very well, only deviating at the low-q regions, which
monitors the size of the global aggregates. The radius of the cylindrical building blocks in
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Figure 24: The small angle neutron scattering curves of the three
lignins dissolved in deuterated DMSO with and without additional
poly(ethylene oxide).
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the HW lignin does not significantly change with the addition of PEO to the solution,
remaining within ~6 angstroms of the lignin without PEO, which is approximately the size
of a single monolignol unit. The cylinder length of the HW samples, however, increases
from 5.5 nm for the neat HW lignin to 135.5 nm with the 20 wt. % loading of the PEO,
indicating the PEO directs the assembly of the HW lignin longitudinally. Alternatively, the
analysis of the high q data of the SW scattering curves does not show the same trends as
the similar analysis on the HW samples. The SW cylinder radius almost doubles from 7 Å
to 12 Å with 20 wt. % loading of PEO and the length of cylinder increases with PEO
loading by more than 375%, significantly less than the HW samples. Again, the SW results
suggest the addition of PEO directs the assembly of the lignin aggregates to become more
elongated.
The cylinder form factor does not model the SANS scattering patterns of the Cimv
lignin, thus an identical analysis to the SW and HW lignin for the Cimv lignin was not
possible. Rather, a 2-level Beaucage model was utilized to analyze the scattering curves of
the Cimv solution, the results of which are tabulated in Table 7. Starting with the local
length scale, the neat Cimv lignins have a 2.6 nm Rg, the addition of 10 wt. % loading of
PEO decreases the Rg by 0.2 nm and the further addition of PEO to a 20 wt. % loading
increases the Rg to 4.7 nm. The increase in Rg that is observed with the 20 wt. % loading
of PEO but not with 10 wt. % loading suggests that there is a minimum amount of PEO
required to influence the aggregate building blocks of the Cimv lignin. The Porod exponent
for this level of the Beaucage model is between 1.85 and 2.02, which are associated with a
fully swollen polymeric chain or Gaussian coil, furthering the idea that the Cimv lignin is
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Table 7: The results from of fits of the Cimv lignin to the 2-level Beaucage model.
Rg2 (Å)
Porod 2
Rg1 (Å)
Porod 1

Cimv10 Cimv10PEO10 Cimv10PEO20
26.4
24.2
47.1
1.87
2.02
1.85
805.6
977.0
762.9
2.67
2.48
2.65
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a highly branched dense network of monolignols. Results from the analysis of the low q
data, and thus the larger, global length scale show an increase in Rg from 80.6 nm for the
neat Cimv solution to 97.7 nm with the 10 wt. % loading of PEO. Increasing the PEO
loading further to 20 wt. % decreases the Rg of the aggregate to 76.3 nm, a value that is
lower than that of the neat Cimv sample. The increase and then decrease in Rg of the Cimv
global size indicates that the PEO facilitates an increase in aggregation at 10 wt. % loading
while shielding the inter-aggregate interactions at higher loadings.
The structure of the Cimv aggregates at the largest length scale in the neat Cimv
solution, with 10 wt. % PEO or with 20 wt. % PEO exhibit Porod exponents of 2.67, 2.48,
and 2.65, respectively. Porod exponents between 2 and 3 describe a mass fractal structure,
where a larger value indicates an increase in packing density. Therefore, the results indicate
the aggregates in the neat Cimv solution and with 20 wt. % PEO are slightly denser than
that of the aggregate with 10 wt. % PEO loading.
The SANS data of the neat HW and SW lignin solutions illustrate structural
evidence consistent with cylindrical building blocks aggregating together to form an
isotropic network aggregate. The addition of the PEO to the HW and SW solutions
influences both samples by directing the cylindrical building blocks to assemble
anisotropically in more elongated structures with the HW length increasing from 5.5 nm
for the neat HW lignin to 135.5 nm with 20 wt. % PEO, while keeping a cylinder radius of
0.6 nm. On the other hand, the SW cylinder displays an increase from 6.3 nm for the neat
SW lignin to 24.4 nm with 20 wt. % loading of PEO as well as an increase in the cylinder
radius from 0.7 nm to 1.2 nm. Conversely, the Cimv lignin and Cimv PEO blend solutions
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do not form cylindrical building blocks. Rather the structure is best described as a
crosslinked network that resembles a swollen polymer chain at the local size scale and a
mass fractal or clustered network at the global scale. The addition of PEO to the Cimv
lignin increases the local Rg from 2.6 nm for the neat Cimv lignin to 4.7 nm with a 20 wt.
% loading of PEO. At the global scale, the addition of 10 wt. % PEO increases the R g to
97.7 nm from 80.6 nm for the neat Cimv lignin and interestingly, the Rg with 20 wt. %
PEO loading decreases below the value of the neat Cimv to 76.3 nm.

Discussion
The blending of PEO with lignin has been shown to improve the processability and
final properties of products such as carbon fibers. The results presented here show that the
impact of PEO on the assembly of lignin in solution is dependent on the source of lignin
and the loading of PEO in the lignin sample. For example, the HW and SW lignin aggregate
into larger global structures, shown by an increase in intensity in the low-q region, with an
average Rg of 54.5 nm for the HW lignin and 63.2 nm for the SW lignin. The higher amount
of methoxy functional groups on sinapyl alcohol that exist in the HW lignin results in a
less branched and less crosslinked structure than that of the SW lignin. This explanation is
consistent with the larger aggregate structure observed in the SW sample. While the
addition of PEO to the HW samples does not influence the overall average size of the
aggregate, which remains nearly constant at 54 nm, the addition of PEO to the SW lignin
decreases the aggregate size by 23 % for the 20 wt. % PEO loading. The higher relative
amounts of methoxy groups in the HW lignin appear to lower the tendency to produce
highly branched structures that result from dibenzodioxocin linkages72, thus making it less
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likely that the PEO chains can penetrate the larger self-assembled structure of the HW
lignin. On the contrary, the lower amount of methoxy groups in the SW lignin produces a
more branched structure from dibenzodioxocin linkages assembling into larger aggregates
by physical interactions, which allow the PEO polymer chains to interact more readily and
disrupt the packing of the building blocks that make up the larger aggregates. The decrease
in the global aggregate size suggests the addition of PEO to the SW samples screen the
intermolecular interactions between the monolignols in the SW lignin.
Accordingly, the HW and SW lignin aggregates are made of building blocks that
have a cylindrical shape. The HW lignin samples have similar cylindrical radii and lengths
as the SW lignin, where the slightly larger radius and length of the neat SW samples are
likely due to the higher branching between monolignols. Interestingly, the addition of PEO
to the HW lignin solutions directs the structures to a more elongated cylinder with the same
cylinder radius (Figure 25), while the PEO in the SW lignin solution also directs the lignin
structure to a more elongated cylinder that also doubles in diameter (Figure 26). The
changes in structure suggest that PEO shields the building blocks of the HW lignin from a
latitudinal branching, guiding the structure in the direction of the cylinder length. As
illustrated in Figure 25 (A & B) the HW lignin molecule without PEO (25A) has many
rotational degrees of freedom allowing the molecule to adopt an anisotropic shorter
cylindrical structure, while the addition of PEO (25B) decreases the directional freedom of
the lignin molecule resulting in a lengthening of the cylindrical structure.
However, the SW lignin structure appears to be influenced differently by the PEO,
where the addition of PEO increases the cylinder radii, which is suggestive of the joining
121

(A)

(B)

Figure 25: (A) Is a truncated representation of a hardwood lignin segment. (B)
Illustrates an extended straightening of the hardwood lignin molecule when PEO
(green) is introduced to the lignin.
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(A)

(B)

Figure 26: (A) is a representation of a truncated softwood lignin molecule. (B)
illustrates the effect of PEO (red) on the structure of the softwood lignin.
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of two monolignols side-by-side while simultaneously directing cylinder growth in length.
Figure 26A depicts this assembly of the branched structure of the SW lignin without PEO,
while Figure 26B illustrates a possible conformation of the SW lignin with PEO. Figure
26B shows the branch rotated toward the ‘main chain’, due to the interaction with the PEO,
where this conformation is consistent with the doubling of the cylinder radius with the
addition of PEO. The branches that cannot be rotated to be collinear with the backbone
explain the shorter length of the cylinders relative to the HW.
Analyses of the Cimv lignin samples at the local length scale do not exhibit a
cylindrical structure, but further analysis provides insight into the size and fractal nature of
the Cimv lignin aggregates at this length scale. The Cimv aggregates and the aggregates in
the presence of PEO form a network with coil like structures indicated by fractal exponents
between 1.85 and 2.02. The fractal exponent of 2.02 for the 10 wt. % loading of PEO
indicates a slightly denser network than that of the neat Cimv and 20 wt. % PEO loading.
The 20 wt. % loading of PEO to the Cimv lignin solutions increases the Rg of this building
block by 2.1 nm and produces the lowest fractal exponent. This result can be explained by
the swelling of the Cimv network by the PEO producing a less dense packing of the
monolignols. The Porod exponents and increase in Rg observed in the Cimv samples
illustrates that the loading of PEO influences the size of the local building blocks in the
Cimv lignin while maintaining the random nature of the aggregate assembly.
The analysis of the largest length scale of the Cimv aggregates displays a large
increase in the size of the aggregate on this length scale with 10 wt. % loading of PEO and
a decrease in size with 20 wt. % loading relative to the pure Cimv sample. The decrease in
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the Porod exponent associated with the global size scale of the sample with 10 wt. % PEO
loading can be explained by the PEO increasing the excluded volume of the aggregate,
which implies that the PEO penetrates the Cimv network. These results also indicate an
optimal loading of PEO (10 wt. %) that facilitates the growth of aggregates, while larger
loadings (20 wt. %) inhibit larger aggregates. Therefore, the neat Cimv and 20 wt. % PEO
samples exhibit a relatively dense network.
The SANS analysis of the HW and SW lignin structure in lignin/PEO solutions,
which indicate that the cylindrical building blocks of the HW and SW lignin elongate in
the presence of PEO begin to explain, on a molecular level, why the addition of PEO
improves the processability of carbon fiber precursors. As well as the increases seen in the
tensile strength and modulus of the ultimate carbon fiber.63,70,75,76 These results also suggest
that understanding how other synthetic polymers such as PET, PVA, and PP affect the
assembly of lignin in solution can provide additional insight into their role in the assembly
of lignin in solution and how that translates to the mechanical properties of carbon fibers
and fiber spinning properties. Moreover, these studies may also provide a fundamental
understanding of the optimum assembly of lignin in solution for improved carbon fiber.

Conclusion
The addition of PEO to HW lignin appears to direct their self-assembly in solution
away from side-to-side aggregation and toward an anisotropic lengthening of lignin
aggregates at the local and intermediate length scales. This result manifests itself in
changes in the local structure of the HW lignin aggregate but not its global size. The
scattering curves at the high-q region indicate that the PEO does not substantially interrupt
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the packing of the lignin substructures as well. The deviation in the scattering patterns for
the HW samples occurs in the intermediate length scales (and q regime) due to the increase
in cylinder length with addition of PEO.
Alternatively, the addition of PEO does alter the structure of the SW lignin at the
local and global length scales, where the addition of PEO increases the length and diameter
of the cylindrical building blocks. Similar to the HW lignin, the PEO directs the anisotropic
lengthening of the cylinders, but unlike the HW lignin, the diameter of the SW lignin
cylinders increases with addition of PEO. The SW lignins have less methoxy functional
groups than the HW lignin, and therefore exhibit a more branched structure, which allows
more interaction of the PEO with the lignin. The presence of the PEO potentially shields
interactions among the cylindrical building blocks and consequently limits the growth of
the aggregates. This change in local structure translates into a decrease in the Rg of the
large-scale aggregates of the SW lignin with the addition of PEO a manifestation of the
disruption of the physical interactions among lignin molecules when the PEO is added.
Finally, the addition of PEO to the Cimv lignin samples alters the aggregate
structures at all loadings, but in a different manner than observed for the soft and hardwood
lignins. The global aggregate size increases with 10 wt. % loading of PEO, forming a less
dense network at the local structure packing length scale. Unexpectedly, the 20 wt. %
loading of PEO increases the local size whereas the global size decreases to below that of
the neat Cimv lignin. Thus, to understand the complete effect has PEO on Cimv lignin
aggregates more studies are needed that focus on a range of PEO loadings. For instance,
lower loadings (<10 wt. %) and higher loading (>20 wt. %)of PEO would help to
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understand how the PEO penetrates the lignin aggregates, while PEO loadings between 1020 wt. % would cover the transition from increasing the global size to decreasing the global
size.
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CHAPTER 6:
CONCLUSION & FUTURE WORK
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Conclusion
The basic research dedicated to polymer additives is extensive and increasing, due
to the exceptional properties that an additive may produce when combined with a polymer.
A polymer additive is considered any minor component that is added to a polymer matrix,
where additives are currently being used throughout the polymer industry to modify the
mechanical, surface, chemical, aesthetic and flow behavior of the polymer. Additives
produce polymeric materials that possess properties that are superior to the natural and
synthetic neat polymers that would otherwise be obsolete. For instance, an additive
material can range from inorganic metal particles that decrease the flammability of a
polymeric material to organic-based fibers that increase the strength of the polymer matrix.
Furthermore, understanding the effect additives have on the matrix polymer is intimately
related to optimizing the desired properties. For instance, to exploit the theoretical
mechanical, electrical and magnetic properties of carbon nanoparticles, understanding how
to produce homogeneously dispersed nanoparticles is of the utmost importance in the
realization of superior polymer nanocomposite materials. Additionally, the diffusion of
polymer chains in the presence of nanoparticles increases our knowledge of the physics
that govern polymer chain motion by providing insight into how the size of the
nanoparticles relative to the polymer chains and the softness of the nanoparticles effect the
diffusion of the polymer matrix. Moreover, the addition of a polymeric additive to a host
polymer can affect the structural organization on the host polymer, producing a superior
final product.
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Therefore, the extensive experimental work presented in this thesis focused on the
dispersion and structural influence of C60 in a polyacrylonitrile (PAN) matrix, the
consequence soft polystyrene (PS) nanoparticles have on the diffusion of linear PS chains,
and the alteration of the assembly of lignin in solution due to the introduction of
poly(ethylene oxide) (PEO).
Polyacrylonitrile/C60
The structural analysis of PAN/C60 nanocomposites demonstrated that noncovalent interactions between the PAN and C60 nanoparticle produce a well-dispersed
composite that does not phase separate. From x-ray diffraction experiments in Chapter 2,
the addition of C60 to a PAN matrix shifts the crystalline morphology of the PAN crystal
from hexagonal to an orthorhombic structure. The morphological shift has previously been
observed in PAN fibers, where it was attributed to the co-crystallization of solvent
molecules on the outside of the PAN fibers. This interpretation is consistent with our
conclusion that the C60 nanoparticles decorate the outside of the PAN crystals, where the
C60 nanoparticles mimic the solvent molecules in previous studies. Additionally, the C60
nanoparticles decreases the persistence lengths of the rod-like PAN crystals, decreases the
percentage of crystallinity in the PAN, and produces a small angle x-ray scattering peak
that is not observed in the neat polymer film. These results led to the conclusion that the
addition of C60 nanoparticles to the PAN retards the nucleation and growth of the PAN
crystals, as observed by the decrease in crystallinity and decreased length of the PAN
crystals, and by the SAXS peak that corresponds to the width of the PAN crystals with an
outer layer of amorphous C60.
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Linear polystyrene diffusion in the presence of soft polystyrene nanoparticles
The influence additives have on the diffusion of polymers is an important property
to understand in the processing of materials as well as the composite’s long-term stability.
The experiments in Chapters 3 and 4 focus on the diffusion of linear PS chains in the
presence of soft polystyrene nanoparticles and the diffusion of the nanoparticles
themselves. Neutron reflectivity was used to monitor the interdiffusion of two polymer
nanocomposite films, due to the contrast that can be achieved with the deuteration of one
of the layers. The molecular weight dependence of the diffusion coefficients in the neat PS
layers (~M-2) is predicted by the Reptation theory of polymer diffusion, thus confirming
neutron reflectivity as an experimental technique to monitor the interdiffusion of the
polymer layers. On the other hand, the addition of the soft PS nanoparticles significantly
alters the diffusion of the linear chains, where the results indicate that there are correlations
of the relative softness of the nanoparticles and the relative size of the linear chains to the
nanoparticles to the observed polymer diffusion coefficient.
The addition of 1 wt. % loading of the soft PS nanoparticles decreases the diffusion
coefficient of the 68k and 173k PS polymer chains, with the highest crosslinked
nanoparticles (NP3 & NP4) reducing the diffusion coefficient by more than an order of
magnitude. Anomalously, the diffusion coefficients of the linear polymer in the 535k
molecular weight PS nanocomposites exhibit an increase in their diffusion coefficients
relative to that of the neat 535k PS sample.
Geometric analysis shows that 2-9 % of the 68k matrix chains and 10-73 % of the
173k PS matrix chains are in contact with the soft PS nanoparticles at 1 wt. % loading. The
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significant amount of matrix chains that are influenced by the nanoparticles supports the
interpretation that the interactions with the nanoparticles, such as interpenetration of the
interfacial corona or nanoparticle core by the linear chain, are the primary mechanism for
the substantial decrease in polymer diffusion coefficient. Furthermore, when a linear chain
penetrates the core of the nanoparticle, the chain must reptate completely through the core
thereby slowing the diffusion of the linear chain. The motion of the linear chain through
the permanent crosslinks of the nanoparticle core is comparable to the motion of a polymer
chain through a nanopore channel, which also slows the diffusion substantially.
On the other hand, the polymer chains in all of the 535k PS nanocomposites have a
diffusion coefficient that is larger than that of the neat 535k PS diffusion coefficient. The
scientific literature reports that when polymeric nanoparticles are 3 times smaller than that
of the linear matrix chains, the dynamics of the polymer chain increase in the
nanocomposites due to an increase in the free volume, thus increasing the amount of
available volume the linear chains have to diffuse. This interpretation was tested on our
535k PS nanocomposites by differential scanning calorimetry, where a decrease in the glass
transition temperature relative to that of the neat PS sample indicates an increase in the free
volume of the sample. The 535k PS nanocomposite with NP4 exhibited a glass transition
temperature that is lower than that of the neat PS sample, which is consistent with an
increase in the free volume with the addition of the nanoparticles. Moreover, NP4 is the
only nanoparticle in our study that most closely resembles the polymeric nanoparticles used
in the previous reports, that is NP4 is a tightly crosslinked nanoparticle with a sharp
interface. Surprisingly, the 535k PS nanocomposites with NP1, NP2 and NP3 all produce
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an increase in the glass transition temperature, which is characteristic of a decrease in the
free volume. Thus, the observed increase in the diffusion coefficients of the 535k PS
nanocomposites with NP1, NP2 and NP3 cannot be explained by an increase in the free
volume. Further analysis revealed that the increase in the diffusion coefficient of the linear
chains in the 535k PS nanocomposites containing NP1, NP2 and NP3 could be explained
by the introduction of new constraint release mechanisms, such as tube dilation and tube
reorganization, following similar studies of the dynamics of star/linear polymer blends.
The dynamics of star/linear blends occur on three time scales, beginning with Rouse modes
and contour length fluctuations at short time scales, followed by a dilation of the reptation
tube that consequently allows the reptating chain to explore a larger tube and finally
constraint release of the star arms. Mechanisms similar to these are expected to occur in
our system, as our soft PS nanoparticles are analogous to a star polymer with a high number
of arms. Furthermore, the 535k linear PS chains are 3 times larger than that of the soft PS
nanoparticles enabling the linear PS chains to interact with multiple nanoparticles resulting
in 38-100% of the matrix chains being near the nanoparticle surface. Thus, the increased
interactions will increase the amount of constraint release that is experienced by the linear
PS chains, increasing their ability to diffuse faster than the neat PS.
The results of the linear PS chain diffusion in the presence of soft PS nanoparticles
highlights the importance that the relative sizes of the linear polymer chains to that of the
nanoparticles have on the properties of the ultimate nanocomposite. Specifically, a
transition occurs in the physics that govern the polymer diffusion when the polymer is 2-3
times larger than that of the nanoparticle, changing the effect of the nanoparticles from
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decreasing the diffusion to increasing the diffusion of the linear chains. Additionally, when
the size of the nanoparticles becomes comparable to the polymer chains or larger, the
loading of divinylbenzene or relative softness of the nanoparticles controls the magnitude
of the decrease in the diffusion coefficient.
Diffusion of soft polystyrene nanoparticles
The diffusion of polymeric nanoparticles is a challenging property to study.
Primarily, this is due to the slow motion of the nanoparticle and the difficulty in tuning the
contrast between the nanoparticles and matrix. The neutron reflectivity technique used to
determine the diffusion of linear polystyrene chains in the presence of soft polystyrene
nanoparticles was modified and extended to develop a protocol for the determination of the
nanoparticle diffusion coefficients for the first time. Rather than polymer nanocomposites
making up both layers in the bilayer geometry, this experiment had only the nanoparticles
as the bottom layer and a 535k linear dPS as the top layer. Additionally, the tracer diffusion
coefficient of the nanoparticles can then be extracted from the mutual diffusion coefficient
that emerges from the analysis of the data with Fick’s second law by utilizing the slow
mode theory of diffusion.
The mutual diffusion coefficient found from Fick’s second law consists of the
diffusion of the linear polymer into the nanoparticle layer and the nanoparticle diffusion
into the linear chain layer. In order to extract the diffusion coefficient of the nanoparticles,
the mutual diffusion coefficient was analyzed by the theories of the fast and slow modes
of diffusion. When the fast mode theory was utilized, the extracted tracer diffusion
coefficient of the nanoparticle was negative, which does not have a realistic physical
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meaning. On the other hand, when the mutual diffusion coefficient was analyzed with the
slow mode theory the results were not only positive, thus having a real physical meaning,
but were also consistent with the slowest component controlling the mutual diffusion in
the slow mode theory. This result confirms that the soft PS nanoparticles are not stationary
in the polymer/soft NP nanocomposite, but are much slower than their linear analogues.
Furthermore, the diffusion coefficient of an analogous linear chain with the same
molecular weight as NP1 and NP2 was calculated and the tracer diffusion coefficient of
NP1 and NP2 was normalized by this value. This normalized diffusion coefficient ratio
was then plotted as a function of divinylbenzene loading in each of the nanoparticles. The
results suggest that increasing the DVB loading in the nanoparticle produces a diffusion
coefficient that becomes similar to that of a linear polymer chain.
The addition of poly(ethylene oxide) to lignin
The addition of PEO to a solution of lignin has been shown to produce a superior
final carbon fiber than fiber made from a pure lignin solution. It was our goal to determine
how the PEO alters the self-assembly of lignin in solution as this will have a direct impact
on the final carbon fiber. Small-angle neutron scattering was employed to study the
structure of the lignin while in solution, due to the contrast that can be achieved with the
proper deuteration of the components. The lignins studied were from three different
biomass sources, hardwood trees, softwood trees and annual grasses, each with their own
composition of monolignols. The monolignols vary by the number of methoxy groups,
which sterically hinder the oxidative coupling that occurs at the hydroxy groups, which
produces the branched polymeric lignin structures. The lignin from hardwood forms the
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least branched structure, followed by the softwood lignin and the most branched structure
formed from the annual grasses. This trend was confirmed by the SANS results, that is the
building blocks of the hardwood and softwood lignins are cylindrical structures, with the
softwood being the shortest due to the increased amount of branching. The annual grasses
do not have a discernible structural shape to its building block, which aggregate to form a
highly branched and highly crosslinked network. The addition of PEO to the hardwood and
softwood lignin solution directs the self-assembly longitudinally producing longer
cylindrical structures. The hardwood cylinder does not increase in radius, suggesting the
PEO shields the latitudinal branching. The lack of latitudinal branching is also supported
by the constant global size of the larger aggregate structures. However, the softwood lignin
does almost double the cylinder radius with the addition of PEO. This is interpreted as the
PEO facilitating the side-by-side assembly of two-lignin molecules. This may be
accomplished by the PEO directing a branch to rotate and become collinear with the
backbone. The rotation of a branch is also supported by the decrease in the global size of
the softwood lignin aggregates. On the other hand, the addition of PEO to the annual
grasses alters the aggregates on all size scales. The 10 wt. % loading of PEO to the annual
grasses produces a more swollen, less dense network while doubling the PEO content in
the annual grasses increases the local size but decreases the global aggregates.

Future Work
Thus far, a series of experiments have been conducted that increase the
understanding of the effects that polymer additives have on the structure and dynamics of
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the polymer matrix. However, the results from the scientific research have introduced new
questions for study.
PAN/C60
It was found that the electron-donor interactions between the C60 nanoparticle and
the acrylonitrile functional group could produce a well-dispersed nanocomposite.
Dispersion of the nanoparticles throughout the polymer matrix is essential to achieving the
ultimate synergistic properties of a nanocomposite. Therefore, for this system it would be
interesting to study the mechanical properties of a PAN/C60 nanocomposite, in film form
such as used in Chapter 2 as well as in fiber form since PAN is the primary precursor for
carbon fibers.
Soft polystyrene nanoparticles
The addition of soft PS nanoparticles to a PS matrix showed drastic decreases in
the diffusion of the linear PS when the PS chain was equal to or less than the size of the
nanoparticle. On the other hand, the addition of the soft nanoparticles increased the
diffusion of the linear chains when the linear chains were 3 times larger than the
nanoparticles. This is an interesting transition in the physics that govern the diffusion of
linear chains in the presence of soft nanoparticles based on the relative sizes and warrants
further experimentation to increase the understanding in the size dependency of polymer
nanocomposite physics. Additionally, other neutron scattering techniques with the proper
deuteration may provide insight into the diffusion mechanisms, such as quasi-elastic
neutron scattering, may provide information on the reptation tube dimensions.
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Lignin based carbon fiber with PEO.
Carbon fibers produced from a lignin precursor with poly(ethylene oxide) have
shown superior properties than lignin-based carbon fibers without lignin. Our experiments
help explain how the self-assembly of lignin in solution in the presence of PEO can assist
in forming better fibers but the final fibers have not been studied by neutron scattering. In
order to have a complete picture of the effect PEO has on lignin in carbon fibers, the final
product should be studied. Additionally, other polymeric polymer additives such as
poly(ethylene terephthalate), polypropylene, and poly(vinyl acetate) have shown to
improve properties in lignin-based carbon fibers and merit scientific experimentation.
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